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ABSTRACT 


Thp  nviHatinn  rtf  r-?fr?.ctcry  borides,  graphites  and  JT  composites, 
silicon  carbide,  hypereutectic  metal  carbide-graphite  composites,  re¬ 
fractory  metals,  coated  refractory  metals,  metal-oxide  composites,  and 
siliconized  graphite  in  air  over  a  wide  range  of  conditions  was  studied 
over  the  spectrum  of  conditions  encountered  during  reentry  or  high  vel¬ 
ocity  atmospheric  flight,  as  well  as  those  employed  in  conventional 
furnace  tests.  Elucidation  of  the  relationship  between  hot  gas/cold  wall 
(HG/CW)  and  cold  gas/hot  wall  (CG/HW)  surface  effects  in  terms  of  heat 
and  mass  transfer  rates  at  high  temperatures  was  a  principal  goal. 

High  velocity  CG/HW  exposures  at  air  velocities  ranging  from  be¬ 
low  10  ft/ sec  to  250  ft/ sec  have  been  performed  at  temperatures  between 
2500°  and  4000°F  for  seventeen  candidate  materials.  Materials  which 
form  condensed  oxide  scales  exhibited  no  definite  dependence  on  air  flow 
rate.  Significant  temperature  gradients  (200°-1000<>F)  develop  across 
thin  oxide  scales  formed  during  oxidation  (scale  thicknesses  ranged  be¬ 
tween  0.010  and  0.060  inch)  due  to  the  insulating  oxide  scale  on  the 
surface.  The  practical  implications  of  this  finding  are  quite  substantial 
since  if  thin  layers  of  these  solid  oxides  can  result  in  such  large  gradients 
(and  if  the  gradients  exist  under  free  flight  conditions),  the  temperature 
level  experienced  by  the  substrate  is  substantially  below  that  of  the  HG/ 

CW  surface.  Thus,  the  predicted  strength  and  load  carrying  capacity  of 
the  substrate  would  be  much  higher  than  for  the  case  where  gradients  are 
ignored.  The  high  velocity  CG/HW  oxidation  behavior  of  materials  form 
ing  condensed  oxidation  products  is  comparable  with  the  behavior  in 
furnace  tests  for  equal  surface  temperatures.  Thus,  the  rate  of  oxida¬ 
tion  is  limited  by  the  minimum  temperature  in  the  condensed  oxide  layer. 

High  velocity  CG/HW  testing  of  flat  faced,  hemispherical  type  and 
conical  samples  of  graphite,  showed  a  sixfold  increase  in  recession  rate 
between  1  and  250  ft/ sec  at  2850°F  due  to  variations  of  the  oxygei.  pres¬ 
sure  at  the  surface,  A  temperature  dependence  for  the  rate  of  oxidation 
was  observed  at  all  flow  rates  in  the  temperature  range  of  2000°  to  4000°F. 
The  apparent  activation  energy  is  estimated  to  be  4200  cal/mole.  Reces¬ 
sion  rates  at  250  ft/ sec  were  comparable  with  recession  rates  observed 
in  Mach  0.3  HG/CW  arc  plasma  tests.  Rates  exhibited  by  cotiical  samples 
were  found  to  be  twice  those  observed  for  flat  faced  cylinders.  Linear 
recession  rates  of  all  graphites  correlate  directly  with  density. 

Coating  failure  temperatures  and  low  temperature  degradation  behavior 
of  several  materials  ware  established. 

The  emittance  of  fourteen  of  the  candidate  materials  was  measured 
under  oxidising  conditions  between  2500°  and  4Q00°F,  Extensive  datafor 
graphite  are  presented  covering  these  conditions.  A  marked  decrease  in 
emittance  with  increased  temperature  was  observed.  Data  for  WSig/W 
were  obtained  over  a  range  of  temperature.  Values  are  reported  for 
borides,  boride  composites,  glassy  carbon,  siliconized  RVC,  KT-SiC, 
graphite  composites,  Sn-Al  coated  tantalum  and  Hf-Ta-Mo. 

This  abstract  Is  subject  to  special  export  controls,  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign  governm  jnts  or  foreign  nationals 
may  be  made  only  with  prior  approval  of  the  Air  Force  Materials  Labora¬ 
tory  (MAMC),  Wright-Patter son  Air  Force  Base,  Ohio  45433. 

iii 


TABLE  OF  CONTENTS 


Section  Page 

I  INTRODUCTION  AND  SUMMARY .  1 


A.  Introduction  .  . .  1 

B.  Summary  .  2 


H  MEASUREMENT  OF  TEMPERATURE  GRADIENTS  THROUGH 
SAMPLES  DURING  HIGH  VELOCITY  COLD  GAS/HOT  WALL 
TESTS  . .  .  6 

A.  Temperature  Gradients  through  Candidate  Materials 

Forming  Volatile  Oxides  ..........  6 

1 .  Graphite  6 

2.  KT-SiC  (E-14)  7 

3.  Si/RVC  (B-8)  8 


B.  Measurements  o£  Temperature  Gradients  through 

Candidate  Materials  Forming  Oxide  Scales ....  8 


1.  ZrB2(A-3)  and  H£B2. 1  (A- 2) .  9 

2.  Hf-20Ta-2Mo  (1-23)  10 

3.  JTA  (D-13)  11 

4.  SiO,  +  60  w/o  W(H-23) .  13 

5.  ZrC  +  C  (C-12)  14 


HI  RESULTS  OF  HIGH  VELOCITY  COLD  GAS/HOT  WALL 

OXIDATION  TESTS  ON  CANDIDATE  MATERIALS  ...  15 


A.  Test  Results  for  HfBg  j(A-2) .  15 

B.  Test  Results  for  ZrB2  (A-3)  . .  15 

C.  Test  Results  for  H£B2  +  SIC  (A-4)  and  ZrB,  4-  SiC 

(A-8)  17 

D.  The  Oxidation  of  RVA  (B-5),  Speer  710.  ATJS, 

PT0178(B-9)  Graphites  and  Glassy  Carbon  (B-ll)  17 

E.  Oxidation  of  Siliconized  RVC  Graphite  Si/RVC 

(B-8)  31 

F.  Oxidation  of  Hypereutectic  Carbides  HfC+C(C-ll) 

and  ZrC+C(C-12)  . .  .  31 

1.  ZrC+C(C-12)  31 

2.  HfC+C(G-U)  3Z 

G.  Oxidation  of  KT-SiC(E- 14)  32 

H.  Oxidation  of  Graphite  Composites  JT0992(F-15>  and 

JT0981(F-16)  33 


iv 


TABLE  OF  CONTENTS  (CONT) 

Section  Page 

X.  JT0992  (F-15)  34 

2.  JT0981  (F-16)  35 

I.  Oxidation  of  WSi2/W  (G-18) .  35 

J.  Oxidation  of  Sn-Al/Ta-lOW  (G-19) .  37 

K.  Oxidation  of  SiOj>+60  w/o  W  (H-23)  Composite  *  .  37 

L.  Test  Results  for  Hf-20Ta-2Mo  (1-23) .  38 

M.  Summary  of  High  Velocity  CG/HW  Results  ....  39 

IV  MEASUREMENT  OF  EMITTANCE  AT  0.  65m  FOR  CANDI¬ 
DATE  MATERIALS  UNDER  OXIDIZING  CONDITIONS  IN 
HIGH  VELOCITY  AIR  FLOWS  . .  .  41 

REFERENCES  44 


v 


LIST  OF  ILLUSTRATIONS 


Figure  Page 

1  Schematic  Representation  of  the  MOTEL  (Minimum  Oxide 

Temperature  Limit  Criterion)  . 3 

2  Temperature  Relationship  in  Graphite  Test  Cylinders  .  46 

3  Temperature  Gradients  and  Emittance  of  SiC  in  Static 

Air  4? 

4  Effect  of  Flow  on  Temperature  Gradients  in  SiC  Cylinders  48 

5  Temperature  Drop  through  Cb2C>5  Scale  on  Cb-lZr  .  .  .  49 

6  Temperature  Drop  through  Zr02  Scale  on  ZrB2  •  .  .  .  50 

7  Macrophotograph  of  ZrB2(A-3)-18  (Lockheed  45-1)  and 

ZrB2(A-3)-13  (L46-1)  after  High  Velocity  CG/HW  Expo¬ 
sure  . .  51 

8  Section  through  ZrB2<A-3)-13  (L46-1)  after  30  Minute 

Exposure  at  50  ft/ sec  in  Air  51 

9  Section  through  ZrB2(A-3)-18(L45-l)  after  60  Minute 

Exposure  at  50  ft/ sec  in  Air  52 

10  Oxide-Matrix  Interface  of  ZrB2(A-3)-18(L45-l)  Showing 

Adherent  Oxide  52 

11  Section  through  HfB2,  i(A-2)-13(L38-l)  after  60  Minute 

Exposure  at  50  ft/ sec  in  CG/HW  Test .  53 

12  Oxide-Matrix  Interface  of  HfB2,  l(A-2) -13  (L38-1)  Showing 

Adherent  Oxide  '  .  53 

13  Section  through  HfB2,  l(A-2)-15  (L39-2)  after  60  Minute 

Exposure  at  50  ft/ sec  in  CG/HW  Test .  54 

14  Oxide-Matrix  Interface  of  HfB2,  i(A-2)-15  (L39-2)  Show¬ 
ing  Adherent  Oxide  54 

15  Section  through  Hf-19Ta-2Mo  (1-23)  (L44-1)  after  30 

Minutes  at  1-10  ft/sec  in  CG/HW  Test .  55 

16  Oxide-Subscale-Matrix  Zones  in  Hf-19Ta-2Mo  (1-23) 

(L44-1)  55 

17  Section  through  Hf-19Ta-2Mo(I-23)  (L44-2)  after  60 

Minutes  at  1-10  ft/sec  in  CG/HW  Test .  56 


vi 


2 


LIST  OF  ILLUSTRATIONS  (CONT) 


Figure  Page 

18  Oxide -Subacale -Matrix  Zones  in  Hf-19Ta-2Mo  (1-23) 

(L44-2)  56 

19  Oxide -Sub  sc  ale -Matrix  Interface  of  Hf-19Ta-2Mo  (1-23) 

(L76-1)  after  60  Minute  Exposure  at  50  ft/ sec .  57 

20  Oxide-Subscale-Matrix  Interface  of  H£-19Ta-2Mo  (1-23) 

(L77-1)  after  60  Minute  Exposure  at  50  ft/ sec  in  CG/HW 

Test  57 

21  Section  through  Hf-l9Ta-2Mo  (1-23)  (L77-2)  after  60 

Minutes  at  50  ft/sec  in  CG/HW  Test  . .  5 S' 

22  Oxide -Sub scale -Matrix  Zones  in  Hf-19Ta-2Mo  (1-23) 

(L77-2)  58 

23  Temperature  Gradients  in  Oxide  Scales  on  Graphites  and 

Carbides  59 

24  JTA(D-13)  -L5,  Surface  Temperature  3821  °F,  Air  Flow 

Rate  10  ft/  sec  60 

25  JTA(D«13)  -L4,  Surface  Temperature  3921  °F,  Air  Flow 

Rate  10  ft/ sec  60 

26  SlO2-60%W  (H-23-L1),  after  15  Min.  at  3150°F  in  Air 

at  50  ft/sec  (X8)  61 

27  SiO2r-60w/oW(H-23)-Ll,  Surface  Temperature  31 50°F, 

Air  Flow  Rate  50  ft/  sec  62 

28  Effect  of  Air  Flow  Rate  on  Oxidation  of  HfB2  l(A-2)  Near 

3300°F  .  .  .  .  ! .  63 

29  Effect  of  Air  Flow  Rate  on  Oxidation  of  ZrB2(A-3)  Near 

3400°F  64 

30  Post  Exposure  PhotomacrographB  of  H£B2  +  SIC  (A-4) 
after  Exposure  in  Air  at  Flow  Rates  up  to  150  ft/ sec 

Near  3000°F  65 

3!  Post  Exposure  Photomacrographs  of  ZrB2  +  SiC  (A-8) 

after  Exposure  in  Air  at  Flow  Rates  up  to  150  ft/sec  65 

32  Surface  Recession  Curves  for  Four  Grades  of  Graphite  in 

Flowing  Air  at  2850°F  66 


vii 


LIST  OF  ILLUSTRATIONS  (CONT) 

Figure  Page 

33  Surface  Recession  Curves,  Speer  710  at  50  fps  ....  67 

34  Surface  Recession  Curyee,  Speer  710  at  150  fps  .....  68 

35  Surface  Recession  Curves,  RVA  at  50  and  150  fps  ....  69 


36  Effect  of  Temperature  and  Gas  Velocity  on  the  Surface 

Recession  of  Two  Grades  of  Graphite  .  70 

37  Effect  of  Velocity  on  the  Surface  Recession  of  RVA  Graphite 

Flat  Face  Cylinders  . .  71 

38  Changes  in  Specimen  Configuration  during  the  Oxidation  of 

Graphite  72 

39  Effect  of  Specimen  Configuration  on  the  Surface  Recession 

of  Graphite  73 

40  Effect  of  Specimen  Configuration  on  the  Surface  Recession 

of  Graphite  in  CG/HW  Tests  74 

41  Effect  of  Specimen  Shape  on  Temperature  Dependence  of 

Oxidation  Rates  for  Graphite  75 

42  Measurement  of  Surface  Recession  on  Conical  Samples  .  .  76 

43  Section  through  RVA(B-5)(L-6){65-l)  after  6  Minutes  at 

50  ft/ sec  in  CG/HW  Tests  at  3250°F .  77 

44  Section  through  RVA{B-5)(L-1 6)(108-3)  after  1.5  Minutes 

at  50  ft/sec  in  CG/HW  Tests  at  3850°F .  77 

45  Effect  of  Temperature  and  Velocity  on  the  Surface  Reces¬ 
sion  of  Graphite  78 

46  Arrhenius  Plot  of  Surface  Recession  Data  for  Graphite  in 

High-Velocity  Air  79 


47  Effect  of  Velocity  on  the  Surface  Recession  Rate  of  Graphite  80 

48  Summary  of  Graphite  Oxidation  Data;  Subsonic  Flow,  2500°- 

6500°F,  1  Atmosphere  .  81 

49  Effect  of  Structure  and  Density  on  the  Oxidation  of 

Graphite  .  82 


viii 


,  U.VA  CMl*  ' 


■  i.i-l'ViiWVV  • 


W»m:  si 


LIST  OF  ILLUSTRATIONS  (CONT) 

Figure  Page 

50  PT0l78{B-9)-L14,  Surface  Temperature  3050°F,  Air 
Flow  Rate  150  ft/sec,  Exposure  Time  2  Minutes,  Initial 
Configuration  30°  Cone,  321  Mil  Recession,  One  Inch 

Scale  83 

51  PT0178(B  -9)  -L14,  Hot  Surface  At  Top .  83 

52  Glassy  Carbon  (B-ll)-2000-3,  Surface  Temperature  3550°F, 

Air  Flow  Rate  50  ft/ sec  84 

53  Glassy  Carbon  (B-ll) -2000-3,  Hot  Surface  at  Left  ...  84 

54  Sl-RVC(B-8)~(L-6)  Survived  60  Minutes  at  150  ft/sec  and 
2900°F:  (L-7)  Coating  Failed  after  15  Minutes  at  10  ft/ sec 
and  3100°F:  (L-8)  Coating  Failed  after  60  Minutes  at  10 

ft/ sec  and  3000°F  85 

55  Sl-RVCjfB  -8)  -L-7  High  Velocity  Cold  Gas/Hot  WaU  Test 

at  3100°F  and  Air  Flow  Rate  of  10  ft/ sec  .......  85 

56  Surface  Recession  Behavior  of  HfC  +  C(C-ll)  and  ZrC  + 

C(C-12)  in  CG/HW  Flow  Studies  .  86 

57  Effect  of  Carbon  Content  on  Surface  Appearance  of  Oxidised 

HfC  +  C  Samples  87 

58  ZrC  +  C(C-12)-L8,  Surface  Temperature  3800°F,  Air 

Flow  Rate  50  ft/ sec  .  88 

59  ZrC  +  C(C- 12) -L8,  Hot  Surface  .  88 

60  HfC  +  C(C-11)-L4,  Surface  Temperature  3600°F,  Air 

Flow  Rate  50  ft/ sec  89 

61  Hf  C  +  C(C- 11) -L4,  Hot  Surface  . .  89 

62  KT-SiC(E-14)-L4,  Surface  Temperature  3660 °F,  Air 

Flow  Rate  150  ft/ sec  .  90 

63  KT-S1C(E-14)-1.  Surface  Temperature  3450°F,  Air 

Flow  Rate  50  ft/ sec  . .  90 

64  Surface  Recession  Behavior  of  JT0981(F-16)  and  JT0992 

(F-15)  in  CG/HW  Flow  Studies  .  91 

65  Effect  of  Velocity  on  the  Oxidation  Behavior  of  JT0992  and 

JT0981  Graphites  92 


ix 


LIST  OF  ILLUSTRATIONS  (CONT) 


Figure 

Page 

66 

Degradation  of  JT0992(F- 15)  and  JT0981(F-16)  Graphites 
at  Low  Temperatures  . . 

93 

67 

Active-Passive  Transition  in  the  Oxidation  of  JT0992 
(F-15)  Graphite  . 

94 

68 

JT0992(F-15)-L11;  Surface  Temperature  3400°F,  Air 

Flow  Rate  50  ft/ sec  . 

95 

69 

JT0992(F-15)-L4,  Surface  Temperature  2000°F,  Air 

Flow  Rate  50  ft/ sec  . 

95 

7ti 

JT0981(F-16)-L7,  Surface  Temperature  3200°F,  Air 

Flow  Rate  150  ft/ sec  . 

96 

71 

JT0981(F-16) -L10,  Surface  Temperature  2800°F,  Air 

Flow  Rate  50  ft/ sec  . 

96 

72 

WSi2/W(G-18)~40-l,  Surface  Temperature  3500°F,  Air 

Flow  Rate  150  ft/  sec  . . 

97 

73 

WSl2/W(G-18)-40-l,  Hot  Surface  at  Top  Showing  WSi2 

Layer,  Over  W5SI3  Layer  Coating  Tungsten  Matrix  at 
Bottom  . 

97 

74 

Growth  of  W5SI3  Zone  on  WSi2/W(G-18)  as  a  Function  of 
Flow  Rate  and  Pressure  Compared  with  the  Results  of 
Bartlett  and  Gage  (13)  for  WkSI*  and  Perkins  and  Packer  for 
MogSis  (14)  . 

98 

75 

Sn-AI/Ta-lQW(G-19)-41-2,  Surface  Temperature  3000°F, 
Air  Flow  Rate  150  ft/ sec  .......... 

99 

76 

Sn-AI/Ta-10W(G-19)-37-l,  Surface  Temperature  3300°F, 
Air  Fow  Rate  50  ft/ sec  . 

99 

77 

Active-Passive  Transition  in  the  Oxidation  of  SlO?-60W 
(H-23)  . *.  .  . 

100 

78 

Surface  Recession  Behavior  of  SlO2>60W  in  CC/HW  Flow 
Studies  ,  . . . 

101 

79 

SK>2-60w/oW(H-23).  L5,  Surface  Temperature  2500°F, 

Air  Flow  Rate  50  ft/ sec  . 

102 

80 

SiO>-60w/oW(H-23)-L5,  Hot  Surface  at  Top  showing  Zone 
Depleted  of  Tungsten  . 

102 

x 


Figure 

81 

82 


LIST  OF  ILLUSTRATIONS  (CONT) 

Page 

Effect  of  Temperature  on  the  Emittance  of  Graphite  .  .  1 03 

Emittance  of  WS^/WfG- 18)  in  Flowing  Air  as  a  Function 
of  Temperature  . .  .  «  ,  .  104 


xi 


LIST  OF  TABLES 

Table  Page 

1  Liet  of  Candidate  Materiala  .  105 

2  Result*  of  Temperature  Gradient  Measurements  in  High 

Velocity  Cold  Gas/Hot  Wall  Tests .  106 

3  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

HfB2.  l  (A-2)  107 

4  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

ZrB2  (A-3)  .  . .  108 

5  Results  of  High  Velocity  Cold  Gas/Hot  WaU  Tests  on 

HfB2  +  SiC  (A-4)  109 

6  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

ZrB2  4  SiC  (A-8)  110 

7  Summary  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  of 

Graphites  Ill 

8  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

FT0l78(B-9)  and  Glassy  Carbon  (B-U) .  113 

9  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

Si/RVC  (B-8)  (4  MU  Coating)  114 

10  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on  Arc 

Cast  HfGfC(C-ll)  and  ZrC+C(C-12) .  115 

11  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on  KT- 

SiC  (E-14)  116 

12  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

JT0981(F-16)  and  JT0992  (F-15)  117 

13  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on 

WSi2/W  (0-18)  121 

14  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on  Sn- 

Ai  /  Ta-lOW  (0-19)  122 

15  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on  SIO2 
4  60  w/o  W  (H-23)  for  30  Minute  Exposures  at  a  Flow  Rate 

of  50  ft/ sec  123 

16  Results  of  High  Velocity  Cold  Gas/Hot  Wall  Tests  on  Hf- 

20Ta-2Mo  (1-23)  124 

17  Average  Values  of  Normal  Spectral  Emlttance  under 

Oxidising  Conditions  125 

xii 


) 


I. 


INTRODUCTION  AND  SUMMARY 


A.  Introduction 

The  response  of  refractory  materials  to  high  temperature 
oxidising  conditions  imposed  by  furnace  heating  has  been  observed  to 
differ  markedly  from  the  behavior  in  arc  plasma  "reentry  simulators." 
The  former  tests  are  normally  performed  for  long  times  at  fixed 
temperatures  and  slow  gas  flows,  the  latter  under  high  velocity  gas -flow 
conditions  where  energy  flux  rather  than  the  temperature  is  defined. 
Consequently,  philosophy,  observables  and  technique  s  used  in  the 
"material  centered"  regime  and  the  "environment  centered,  reentry 
simulation"  area  differ  so  significantly  as  to  render  correlation  of 
material  responses  at  high  and  low  speeds,  impossible  in  many  oases. 
Consequently,  expeditious  utilisation  of  the  background  information 
available  in  either  area  for  optimum  matching  of  existing  material  sys¬ 
tems  with  specific  missions  or  synthesis  of  advanced  material  systems 
to  meet  future  requirements  is  sharply  curtailed. 

In  order  to  reduce  this  gap,  an  integrated  study  of  the  re¬ 
sponse  of  refractory  materials  to  oxidation  in  air  over  a  wide  range  of 
time,  gas  velocity,  temperature  and  pressure  has  been  designed  and 
implemented.  This  interdisciplinary  study  spans  the  heat  flux  and 
boundary  layer- shear  spectrum  of  conditions  encountered  during  high- 
velocity  atmospheric  flight,  covering  conditions  employed  in  conventional 
materiale-centered  investigations.  Significant  efforts  have  been  directed 
toward  elucidating  the  relationship  between  hot  gas/cold  wall  (HQ/ CW) 
and  cold  gas/hot  wall  (CQ/HW)  surface  effects  St  high  temperatures,  so 
that  full  utilisation  of  both  types  of  experimental  data  can  be  made. 

The  principal  goal  is  coupling  of  the  material-centered  and 
environment-centered  philosophies  to  gain  abetter  insight  into  systems 
behavior  under  high-speed  atmospheric  flight  conditions.  This  function 
has  been  provided  by  an  interdisciplinary  panel  representing  the  com¬ 
ponent  philosophies.  The  coupling  framework  consists  of  an  Intimate 
mixture  of  theoretical  and  experimental  studies  designed  to  overlap 
temparature/ensrgy  and  pressure/velocity  conditions,  thus  providing  a 
means  for  the  evaluation  of  test  techniques  and  the  performance  of 
materials  systems  over  a  wide  range  of  conditions.  In  addition,  it  pro¬ 
vides  a  base  for  translating  reentry  systems  requirements  such  as 
velocity,  altitude,  configuration  and  lifetime  into  requisite  material 
properties  as  vaporisation  rates,  oxidation  kinetics  and  density.  The 
correlation  of  heat  flux,  stagnation  enthalpy,  Mach  No. ,  stagnation  pres¬ 
sure  and  specimen  geometry  with  surface  temperature  through  the 
utilisation  of  thermodynamic,  thermal  and  radiation  properties  of  the 
material  and  environmental  systems  used  in  this  study  was  of  prime 
importance  In  defining  the  conditions  for  overlap  between  materials  - 
centered  and  environment-centered  tests.  Progress  along  the  above 
mentioned  lines  necessitated  evaluation  of  refractory  material  systems 
which  exhibit  varying  gradations  of  stability  above  2700°F.  Emphasis 
has  bean  placed  on  candidates  for  3400°  to  6000°F  exploitation.  Thus, 


borides,  carbides,  boride-graphite  composites  (JTA),  JT  composites, 
carbide-graphite  composites,  pyrolytic  and  bulk  graphite,  PT  graphite, 
coated  refractory  metals /alloys,  oxide  -metal  comp ->*ltes,  oxidation- 
resistant  refractory  metal  alloys  and  iridium- coated  graphites  were 
considered  (see  Table  1).  A  range  of  test  facilities  and  techniques  in¬ 
cluding  oxygen  pickup  measurements,  cold  sample/hot  gas,  and  hot 
sample/cold  gas  devices  at  various  air  flow  velocities,  as  well  as  dif¬ 
ferent  arc  plasma  facilities  capable  of  covering  a  wide  range  of  condi¬ 
tions  were  employed,  Stagnation  pressures  covered  the  range  between 
0,001  and  10  atmospheres.  The  range  of  heat  flux  and  stagnation  en¬ 
thalpy  employed  produced  surface  temperatures  between  2000°  and 
65006T. 


This  report  describes  the  results  obtained  for  the  High 
Velocity  Cold  Oas/Hot  Wall  tests  performed  at  Lockheed  Missile/Space 
Company  under  the  direction  of  Roger  Perkins,  Other  reports  in  this 
series  characterise  the  candidate  materials  (1)*,  describe  facilities 
and  techniques  employed  in  the  cold  gas/hot  wall  tests  (<!},  provide  the 
results  of  low  velocity  CO/HW  (3)  and  HG/CW  (4)  tests,  and  correlate 
the  performance  of  the  candidate  materials  with  stream  conditions  (5). 

B.  Summary 

Evaluation  of  refractory  materials  oxidation  under  high  vel¬ 
ocity  (10-250  ft/ sec)  CO/HW  conditions  shows  that  significant  tempera¬ 
ture  gradients  develop  across  thin  oxide  scales  formed  during  oxidation 
(scale  thicknesses  ranged  between  0,010  and  0,060  inch).  The  gradient 
is  due  to  the  insulating  oxide  scale  on  the  surface.  With  the  present  in¬ 
duction  heating  technique,  the  substrate  is  heated  directly  by  coupling 
with  the  electromagnetic  field  (2).  The  nonconducting  oxide  scale  does 
not  couple  with  the  field  and  is  nested  indirectly  by  conduction  from  the 
heated  substrate.  The  surface  is  cooled  by  radiation  and  convoctlon 
leading  to  an  Inverse  gradient  in  which  the  temperature  at  the  metal/ 
oxide  interface  is  higher  than  that  at  the  oxide/ air  Interface.  As  the 
oxide  thickens  with  time,  the  resistance  to  heat  transfer  is  Increased. 

If  the  substrate  temperature  is  held  constant,  surface  temperature  will 
decrease.  If  the  surface  temperature  is  held  constant,  the  substrate 
temperature  must  be  Increased  to  overcome  the  added  resistance  to  heat 
flow. 


The  importance  of  this  aspect  of  materials  behavior  depends 
upon  the  rate-controlling  factor  in  oxidation.  Since  surface  temperature 
is  measured  and  controlled  in  most  tests,  oxidation  data  will  be  accurate 
only  if  surface  temperature  is  controlling,  If  the  substrate  or  interface 
temperature  Is  rate  controlling,  the  measured  rate  of  oxidation  will  be 
too  high  or  too  low,  depending  on  the  method  of  heating  used  in  conduct¬ 
ing  the  tests.  If  the  substrate  is  heated  by  induction  or  direct  resistance, 
it  will  be  hotter  than  the  surface.  If  the  surface  is  heated  by  radiation, 
the  substrate  may  be  cooler  or  at  the  same  temperature,  depending  on  heat 
losses  to  supporting  dtvicte  or  structures.  In  most  gas  torch  or  plasma 
tasts,  the  substrate  will  be  cooler  than  the  surface.  Only  in  furnace  tests 
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where  the  sample  is  brought  to  a  uniform  temperature  throughout,  will 
the  surface  and  substrate  be  at  the  same  temperature,  la  the  current 
testing  program  temperature  gradients  ranging  between  200°  and  1000°F 
were  found  to  exist  through  100  mil  oxide  walls  on  the  surfaces  of  candi¬ 
date  materials  during  oxidation  between  3000°  and  4000  F  in  air  flowing 
at  10-250  ft/ sec. 


Results  for  boride-base  materials  Indicate  substantially 
lower  recession  rates  in  the  HG/CW  arc  plasma  tests  (4)  than  in  the 
CG/HW  furnace  tests  (3).  Thus  H£B2,  i(A-2)  and  ZrB2(A-3)  exhibit  an 
order  of  magnitude  difference  at  surface  temperatures  near  4000°F. 

The  results  of  the  "in-depth"  temperature  measurements  during  arc 
plasma  tests  Indicate  that  these  differences  are  principally  due  to 
temperature  gradients  through  the  oxide  where  temperature  gradients 
of  1500°F  are  observed  through  100  mil  wall  thickness  of  boride  plus 
oxide  (4).  Similar  results  were  obtained  for  Hf-20Ta-2Mo(X-23).  The 
gradients  exist  for  long  periods  of  time  in  agreement  with  deductions  based 
on  post-mortem  metallogrsphy.  Figure  1  shown  below  offers  a  schematic 
representation  of  the  behavior  of  oxide  forming  refractory  materials  in 
the  CG/HW  and  HG/CW  tests. 


MATRIX 


OXIDE 


TEMPERATURE  *R 


ARC  PLASMA  TEST  FURNACE  TEST  HIGH  VELOCITY  TEST 
HG/CW  CG/HW  CG/HW 


Figure  1.  Schematic  Representation  of  the  MOTEL  (Minimum  Oxide 
Temperature  Limit)  Criterion. 

The  central  figure  represents  the  oxide  and  matrix  of  a  solid 
oxide  forming  material  (1.  e. ,  H£B2,l(A-2).  ZrB2(A-3)  or  Hf-20Ta-2Mo 
(1-23)  in  a  CG/HW  furnace  test  at  3900°F).  The  temperature  distribution 
across  the  oxide  and  matrix  cones  is  assumed  constant.  In  the  figure  at 
the  right,  representing  a  high  velocity  CG/HW  sample  (inductively  heated), 
the  temperature  is  lowest  at  the  CG/HW  surface.  Conversely,  in  the 
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figure  at  the  left  r  ere  seating  a  HG/CW  arc  plasma  test  sample,  the 
temperature  is  higa«#t  at  the  HG/CW  surface.  Thus,  if  the  observed 
recession  is  limited  by  the  minimum  temperature  in  the  oxide  (where 
diffusion  rates  of  oxygen  and  components  of  the  substrate  would  be 
slowest)  the  present  HG/CW  and  high  velocity  CG/HW  results  could  be 
brought  into  line  with  the  CG/HW  furnace  results  where  temperature 
gradients  are  largely  absent. 

The  practical  implications  of  this  finding  are  quite  sub¬ 
stantial  since  if  thin  layers  of  these  solid  oxides  can  result  in  such  large 
gradients  (and  if  the  gradients  exist  under  free  flight  conditions),  the 
temperature  level  experienced  by  the  substrate  is  substantially  below 
that  of  the  HG/CW  surface.  Thus,  the  predicted  strength  and  load  carry¬ 
ing  capacity  of  the  substrate  would  be  much  higher  than  for  the  case  where 
gradients  are  ignored. 

High  velocity  CG/HW  exposures  at  velocities  ranging  from 
below  10  ft/ sec  to  250  ft/  sec  have  been  performed  for  seventeen  of  the 
candidate  materials  (see  Table  1).  Materials  which  form  condensed 
oxide  scales  exhibited  no  definite  dependence  on  air  flow  rate.  Graphites 
which  form  volatile  oxidation  products  exclusively,  exhibited  a  strong 
dependence  of  oxidation  rate  on  air  velocity.  The  high  velocity  CG/HW 
oxidation  behavior  of  materials  forming  condensed  oxidation  products  is 
comparable  with  the  behavior  in  furnace  tests  for  equal  surface  tempera¬ 
tures.  Thus  ths  rate  of  oxidation  is  limited  by  the  minimum  temperature 
In  the  condensed  oxide  layer,  which  in  the  CG/HW  samples,  is  at  die 
surface. 


High  velocity  CG/HW  testing  of  flat  faced,  hemispherical 
type  and  conical  samples  of  graphite,  showed  a  sixfold  Increase  in 
recession  rate  between  1  and  250  ft/ sec  at  2850°F.  This  is  due  to  varia¬ 
tions  of  the  oxygen  pressure  at  the  surface  (5).  Recession  rates  ob¬ 
served  in  CG/HW  tests  at  250  ft/ see  were  comparable  with  recession 
rates  observed  in  Mach  0.3  HG/CW  arc  plasma  tests  (4).  Recession 
rates  exhibited  by  conical  samples  were  found  to  be  twice  those  observed 
for  flat  faced  cylinders. 

High  velocity  CG/HW  tests  of  PT0178(B-9)  and  Glassy  Carbon 
(B-ll)  showed  recession  rates  increased  significantly  with  air  flow.  Lin¬ 
ear  recession  rates  of  all  graphites  correlate  directly  with  density.  The 
racesslon  rate  of  all  graphites  was  found  to  increase  with  temperature 
according  to  the  classic  Arrhenius  relationship.  The  apparent  activation 
energy  in  the  range  of  2000°-4000°F  was  4200  cal/mole.  A  higher  acti¬ 
vation  energy  (14,000-20,000  cal/mole)  was  indicated  in  the  range  4000°- 
6000 °F  based  on  results  of  arc.  plasma  studies.  This  may  be  the  result 
of  a  change  in  oxidation  products  from  CO  +  COj  to  CO  rich. 
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Coating  failure  temperature!  for  WSi^/WfG-lS)  and  Sn-A 1/ 
Ta-10W(G-19)  were  3650°F  and  3200°F  in  the  high  velocity  CG/HW  teat*. 
The  former  value  is  higher  than  in  furnace  tests  (3)  and  represent*  a 
better  evaluation  of  the  temperature  limit  of  WSl2»7W(G-18)  in  the  absence 
of  reactions  with  Zr02* 

The  failure  temperature  for  Si/RVC(B-8)  at  3000°F  agrees 
with  the  results  of  CG/HW  furnace  tests  (3).  Low  temperature  degrada¬ 
tion  of  JTA(D- 13),  JT0992(F-15),  JT0981TF-16)  and  SiO2+60w/oW(H-23) 
observed  in  the  furnace  tests  was  also  noted.  The  temperature  gradients 
observed  to  exist  through  a  200  mil  wall  of  SiC>2+60w/oW(H-23)  were  so 
large  that  the  internal  temperature  exceeded  4000°F  while  the  surface 
was  only  3150°F.  This  led  to  internal  melting.  The  usefulness  of  this 
composite  is  limited  since  protective  behavior  is  not  observed  , below  the 
fusion  range  for  silica  (2700°-3000°F).  However,  S102  softens  and  be¬ 
comes  viscous  above  this  range  leading  to  a  loss  of  strength. 

The  omittance  of  fourteen  of  the  candidate  materials  was 
measured  under  oxidising  conditions  between  2500°  and  4000°F.  Ex¬ 
tensive  data  for  graphite  are  presented  covering  these  conditions  for 
the  first  time.  In  addition,  data  for  WSig/W(G-18)  are  presented  cover¬ 
ing  a  range  of  temperature.  Moreover,  values  are  reported  for  borides, 
boride  composites,  glassy  carbon,  siliconlsed  RVG,  KT-SiC,  graphite, 
composites,  Sn-AJ  coated  tantalum  and  Hf-Ta-Mo. 


II.  MEASUREMENT  OF  TEMPERATURE  GRADIENTS  THROUGH 
SAMPLES  E5UWMG  "HTGR "VELOCITY  COLD  CA3/H0T  WALL 
TESTS -  — ~ - c - 


Evaluation  of  refractory  materials  oxidation  under  high  velocity 
CG/HW  conditions  performed  along  the  lines  described  earlier  (2)  showed 
that  significant  temperature  gradients  can  be  developed  across  tKin  oxide 
scales  formed  on  the  surface  of  metals  or  intermetallic  compounds  during 
oxidation  (scale  thicknesses  ranged  between  0.010  and  0.060  inch).  The 
gradient  results  from  the  formation  of  an  insulating  oxide  scale  on  the  surface. 
With  induction  heating,  the  metallic  substrate  is  heated  directly  by  coupling 
with  the  electromagnetic  field.  The  nonconducting  oxide  scale,  however,  does 
not  couple  with  the  field  and  1b  heated  indirectly  by  conduction  from  the  heated 
substrate.  The  surface  is  cooled  by  radiation  and  convection.  This  leads 
to  a a  inverse  gradient  in  which  the  temperature  at  the  metal/oxide  interface 
is  higher  than  that  at  the  oxide/air  interface.  As  the  oxide  thickens  with 
time,  the  resistance  to  heat  transfer  is  increased.  If  the  substrate  temperature 
is  held  constant,  surface  temperature  will  decrease.  If  the  surface  temperature 
is  held  constant,  the  substrate  temperature  must  be  increased  to  overcome 
the  added  resistance  to  heat  flow.  The  importance  of  this  aspect  of  materials 
behavior  depends  upon  the  rate- controlling  factor  in  the  oxidation  process. 

Since  the  surface  temperature  is  measured  and  controlled  in  most  tests  of 
materials ,  oxidation  data  will  be  accurate  only  if  surface  temperature  controls 
the  reaction  rate.  If  the  substrate  or  interface  temperature  is  rate  con¬ 
trolling,  however,  the  measured  rate  of  oxidation  will  be  too  high  or  too  low, 
depending  on  the  method  of  heating  used  in  conducting  the  tests.  If  the  substrate 
is  heated  by  induction  or  direct  resistance,  it  will  be  hotter  than  the  surface. 

If  the  surface  is  heated  by  radiation,  the  substrate  may  be  cooler  or  at  the 
same  temperature,  depending  on  heat  losses  to  supporting  devices  or  structures. 
In  most  gas  torch  or  plasma  tests,  the  substrate  will  be  cooler  than  the  surface. 
Only  in  furnace  tests  where  the  sample  is  brought  to  a  uniform  temperature 
throughout,  will  the  surface  and  substrate  be  at  the  same  temperature. 


Subsequent  portions  of  this  section  provide  data  concerning  some  of  the 
candidate  materials  listed  in  Table  1.  Temperature  gradients  were  measured 
through  samples  of  graphite,  KT-SiC(E-14),  and  Si-RVC(B-8)  which  form 
volatile  oxides,  and  ZrB,(A-3),  HfB,  ,(A-3),  Hf-20Ta-2Mo(I-23),  JTA(D-13), 
»O,+60w/oW(H-23)  and  ZrC+C(C-lZWh  ere  solid  oxides  form  during  exposure. 


A.  Temperature  Gradients  Through  Candidate  Materials 
Forrning~Volatile  Oxides 

1.  Graphite 


Tests  were  conducted  with  graphite  cylinders  0.5-inch 
diameter  by  1.5-inch  long  with  a  hemispherical  leading  edge.  The  temperature 
at  the  stagnation  point  ana  at  the  root  of  a  blackbody  hole  drilled  axially  in  from 
the  base  of  the  sample  was  measured  simultaneously  with  micro-optical  py¬ 
rometers  (0.65p).  In  static  tests,  the  distance  between  the  root  of  the  black- 
body  hole  and  the  stagnation  point  was  varied  to  determine  the  temperature 
gradient,  if  any,  through  the  wall.  As  shown  in  Figure  2,  little  if  any  gradient 
existed  with  a  wall  thickness  of  0. 1  inch.  The  apparent  surface  temperature 
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was  lower  than  the  hole  temperature  due  to  emittance  effects.  Normal 
spectral  emittance  was  estimated  to  range  between  0.7  and  0.8  over  the 
temperature  range  of  2400  to  3000°F.  This  is  in  reasonable  agreement  with 
published  data  on  the  emittance  of  graphite.  When  the  wall  thickness  was 
increased  to  0.3  or  0.4  inch,  a  noticeable  temperature  gradient  was  observed. 
The  surface  temperature  was  100  to  200°F  lower  for  a  given  hole  temperature 
compared  with  0. 1-inch  wall  specimens.  The  gradient  was  larger  at  the 
higher  temperature  where  the  rate  of  heat  loss  by  radiation  becomes  pronounced. 
Flowing  air  past  the  specimen  at  150  fps  had  a  pronounced  cooling  effect  on  the 
surface  in  the  low  temperature  range  where  heat  loss  by  conduction  was  large 
compared  with  the  loss  by  radiation.  Surface  temperature  decreased  an 
additional  300°F  in  the  range  2200  to  2600°F.  At  high  temperature,  an 
additional  100°F  drop  was  observed  . 

2.  KT-SiCtE-14} 

Studies  using  graphite  as  a  model  were  complicated  by 
high  rates  of  surface  recession  (1-2  mils/sec),  It  was  difficult  to  establish 
equilibrium  conditions  due  to  rapidly  changing  geometry.  Silicon  carbide 
was  selected  for  more  refined  studies  since  surface  recession  rates  are  low 
and  the  sample  geometry  is  stable.  Cylinders  of  KT-SiC(E-14)  0.5-inch  dia¬ 
meter  by  1-inch  long  were  used.  A  blackbody  hole,  0. 125-inch  diameter  by 
0.6-inch  deep,  was  drilled  in  each  sample.  Three  sensing  devices  were  used 
to  measure  temperatures;  (1)  a  micro-optical  pyrometer  (0.65|x)  sighted  on 
the  top  surface  (stagnation  point),  (2)  a  two-color  Milletron  pyrometer  sighted 
at  the  same  point,  and  (3)  a  micro-optical  pyrometer  (0.65p)  sighted  on  the 
base  of  the  blackbody  hole.  With  this  arrangement,  true  and  apparent  tempera¬ 
ture  of  the  surface  could  be  measured.  These  data  yield  a  reasonably  good 
estimate  of  emittance.  Results  of  several  repetitive  tests  in  static  air  are 
plotted  in  Figure  3. 


The  Milletron  (two-color  pyrometer)  and  optical- black- 
body  hole  readings  (2)  are  in  excellent  agreement  from  2200  to  3000°F.  These 
data  indicate  that  true  surface  temperature  was  recorded  by  the  Milletron  and 
no  significant  temperature  gradient  exists  through  the  0.4-inch  thick  wall  of 
the  sample.  The  apparent  surface  temperatures  when  plotted  against  the  hole 
temperature  indicate  that  the  emittance  is  between  0,65  and  0,70.  These 
results  are  in  good  agreement  with  published  data  on  KT-SiC. 

Sightings  with  the  Milletron  were  made  on  both  the  top 
and  side  wall  during  static  and  flowing  (50-142  fps)  tests.  Results  are  summarised 
in  Figure  4.  Under  static  conditions,  the  sidewall  and  blackbody  hole  tempera¬ 
tures  were  in  good  agreement.  Top  temperature  was  low  compared  with  the 
sidewall.  This  was  found  to  be  due  to  a  crack  in  the  sample.  With  flowing  gas, 
sidewall  temperature  dropped  50  to  100.F,  Separation  of  the  flow  due  to  use 
of  a  flat  face  specimen  results  in  little  cooling  of  the  sides.  The  top,  however, 
was  cooled  significantly  by  the  impinging  air.  The  top  (stagnation)  temperature 
dropped  by  300  to  400°F  below  the  static  values.  This  is  comparable  to  the 
effect  observed  with  graphite  specimens. 

Results  of  these  tests  showed  that  blackbody  holes  are 
a  poor  choice  for  use  in  measurement  and  control  of  test  temperature  in  cold 
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gas  flow  tests.  It  was  decided  to  measure  and  control  the  top  (stagnation) 
surface  temperature  with  the  Milletron  two-color  pyrometer.  Calibration 
was  checked  weekly  to  assure  accurate  data.  The  top  and  blackbody  hole 
temperatures  were  measured  with  micro -optical  pyrometers  and  recorded 
for  use  in  calculating  emittance  and  temperature  gradient  data. 

3.  Si/fiV£(p-$) 

The  results  obtained  for  Si/RVC(B-8)  are  shown  in 
Table  2.  Sample  Si/RVC(B-8)-Ll  was  tested  at  3600°F  (surface  control)  in 
air  at  50  ft/sec.  Sample  temperature  was  very  difficult  to  control  and  wide 
fluctuations  occurred.  It  appeared  that  some  type  of  coupling  transition 
existed  with  poor  coupling  below  this  temperature  and  excellent  coupling  above. 
It  was  necessary  to  steadily  increase  power  input  with  time  to  hold  the  surface 
at  3600°F.  At  6.5  minutes,  maximum  power  was  drawn.  At  7.2  minutes  a 
hole  burned  through  the  side  wall  and  the  test  was  terminated.  Surface  tem¬ 
perature  measurements  indicated  a  normal  spectral  emittance  for  this 
material  of  0.47  -  0.42  at  3600°F,  A  temperature  gradient  of  200°F  after 
3  minutes  and  400°F  after  7  minutes  was  measured  through  the  top  wall.  The 
rapid  increase  with  time  indicates  that  most  of  this  gradient  exists  through 
the  outer  oxide  scale.  The  low  emittance  results  (0.47-0.42)  do  not  appear 
reliable. 


B.  Measurements  of  Temperature  Gradients  Through 

Candidate  Materials  Forming  Oxide  Scales 

Two  methods  were  developed  for  measuring  the  temperature 
gradients  through  oxide  scales  on  the  surface  of  induction  heated  samples. 

In  the  first  method,  the  metal/oxide  interface  temperature  was  measured  by 
a  Pt/Pt-Rh  therm  ouple  while  the  surface  temperature  was  measured  with 
an  optical  pyrometer.  This  method  is  limited  to  temperatures  of  about  3000°F 
and  was  used  to  study  gradients  in  a  Cb,0-  scale  formed  on  Cb-lZr  alloy. 

A  thermocouple  well  was  drilled  down  the  center  of  a  0. 3  x  0.3  x  0.75  inch 
sample  to  within  0.060  inch  of  the  surface.  The  sample  was  supported  verti¬ 
cally  within  an  induction  coil  using  the  thermocouple  insulating  sleeve  (alumina) 
as  a  stinger.  The  thermocouple  bead  was  bare  and  made  direct  contact  with 
the  metal  at  the  base  of  the  drilled  hole.  Helium  gas  was  passed  up  the 
alumina  support  rod  to  shield  the  internal  surfaces  and  contact  area  from  oxi¬ 
dation.  Surface  temperature  was  measured  with  a  micro- optical  pyrometer 
using  a  previously  established  normal  spectral  emittance  of  0.59  to  convert 
from  brightness  to  true  temperature.  Samples  were  heated  for  30  to  60  minutes 
holding  either  the  surface  (T.)  or  metal  (T«.)  temperature  constant  and 
measuring  the  corresponding’temperature  at  the  uncontrolled  site  (surface  or 
metal)  at  5-minute  intervals.  The  results  are  shown  in  Figure  5. 

Initially,  the  indicated  temperatures  for  the  top  surface  and  the 
substrate  were  within  +  10  F  of  each  other.  With  the  metal  temperature  held 
constant  at  2200°F,  surface  temperature  decreased  gradually  with  time  of 
holding.  After  1  hour,  the  surface  was  at  2100°F  while  the  substrate  was  still 
at  2200°F.  In  experiments  where  the  surface  temperature  was  held  constant 
at  2200°F,  the  metal  temperature  increased  with  time  of  holding.  After  50 
minutes,  the  metal  substrate  was  150  -200 °F  hotter  than  the  surface.  The  time 
rate  of  change  in  temperature  for  both  cases  is  shown  in  Figure  5, 
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In  the  eecond  method  used  to  study  this  effect,  the  substrate 
or  interface  temperature  was  measured  with  a  micro-optical  pyrometer  while 
the  true  surface  temperature  was  measured  with  a  two-color  pyrometer. 

This  approach  was  used  for  tests  above  3000°F  where  contact  thermocouples 
could  not  be  used.  A  0. 25  inch  diameter  hole  was  core  drilled  along  the 
center  line  of  a  0, 5  inch  diameter  by  one  inch  long  cylindrical  sample  to 
within  about  150  mils  of  the  top  surface.  The  specimens  were  supported  on 
alumina,  sirconia,  or  water-cooled  copper  tubular  stingers  having  a  0,125 
inch  inside  diameter.  Helium  was  passed  slowly  up  the  tube  to  prevent  oxi¬ 
dation  of  the  substrate  and  to  clear  out  smoke  or  vapors,  A  calibrated  front 
surface  mirror  was  positioned  to  sight  up  the  tube  for  optical  measurement 
of  substrate  temperature.  Brightness  readings  were  converted  to  true 
temperature  using  previously  established  emittance  corrections. 

1.  ZgBg(A-S)  and  HfB,  ,  (A- 2) 

This  method  was  used  to  study  the  temperature  gradients 
through  ZrO,  scales  formed  on  ZrB-  samples  heated  to  3400°F  in  air  flowing 
at  50  ft/sec.  The  behavior  was  iderreical  to  that  observed  in  testa  of  the  Cb- 
lZr  alloy.  As  shown  in  Figure  6,  the  surface  temperature  decreased  with 
time  as  the  substrate  was  held  constant  at  3400°F,  After  1  hour,  the  surface 
was  220°F  cooler  than  the  induction-heated  core.  The  gradient  here  is  more 
than  double  that  observed  in  tests  with  Cb-lZr  alloy  at  2200°F.  Similarly, 
as  shown  in  Figure  6,  the  metal  (boride)  temperature  increased  rapidly  in 
tests  where  the  surface  was  held  constant  at  3400°F.  After  20  minutes,  the 
substrate  was  250°F  hotter  than  the  surface.  This  is  about  3  times  the  gradient 
observed  with  Cb-lZr  at  2200°F.  Figures  7-10  show  post  exposure  photo¬ 
graphs  of  samples  ZrB,(A-3)-13(L45-l)  and  ZrB2(A-3)-18(L46-l)  after 
CG/HW  exposures  at  5u  ft/sec  air  flow.  In  both  cases,  the  oxide  thickness 
is  about  15  mils  and  the  boride  wall  thickness  is  100  mils. 

Two  tests  with  HfB,  .  (A-2)  revealed  a  behavior  like 
that  observed  with  ZrB.(A-3),  At  3 4 00° I6,’  where  the  recession  rate  is  low, 
steady  state  surface  temperatures  could  be  maintained.  At  higher  temperatures 
where  the  recession  rate  is  rapid,  scale  growth  resulted  in  a  continuous 
temperature  drop.  This  behavior  is  summarised  below: 


Surface 

Temperature  (°F) 

Slow  Recession 

Fast  Recession 

Time 

Run  38- 1 

Run  39-2 

(min) 

HfBT7TXT2)-l5 

0 

*3400 

*3600 

5 

3400 

10 

3400 

3520 

15 

3400 

3400 

20 

3400 

3420 

25 

3400 

3420 

30 

3400 

3350 

40 

3400 

3300 

50 

3400 

3250 

60 

3400 

3190 

In  the  faat  recession  rate  tests,  full  power  input  was  maintained  and  the 
indicated  temperature  is  the  maximum  attainable  at  a  flow  rate  of  50  ft/sec. 
Assuming  the  substrate  to  be  at  3600°F  or  even  higher,  a  temperature  gra¬ 
dient  of  over  400°F  through  the  oxide  scale  is  indicated.  Figures  11-14 
show  photomicrographs  of  HfB-  ,(A-2)-13(L38-l)  and  HfB-  ,  (A-2)-15(Li39-2) 
after  exposure.  The  latter  sample  cracked  after  cooling.  ^kretallo  graphic 
examination  showed  that  the  HfB-  .  (A-2)  material  contained  porous  bands. 
Sample  HfB-  .(A-2)- 15  also  exhibited  several  shallow  cracks  which  might 
have  led  to  flfilure. 


2. 


Hf-20Ta-2Mo(I-23l 


Temperature  gradients  were  measured  in  0.5  inch 
diameter  by  1  inch  long  cylinders  of  Hf-20Ta-2Mo(I-23)  alloy.  Five  samples 
were  machined  to  form  closed  end  cylinders  with  a  minimum  wall  thickness 
at  the  top  of  0. 12  to  0. 15  inch.  In  the  first  test  (44-1),  the  sample  was 
supported  on  a  0.25-inch  OD  x  0. 10  inch  ID  ZrO-  tube  and  was  purged 
internally  with  helium  to  prevent  oxidation,  Thectop  surface  temperature 
was  measured  and  held  constant  at  3400°F  using  the  Milletron  two-color 
pyrometer.  A  micro-optical  pyrometer  (0.65p)  was  sighted  up  the  tube  to 
measure  substrate  temperature.  The  alignment  was  poor,  however,  and 
no  useful  readings  could  be  obtained.  The  test  was  terminated  at  30  minutes 
when  full  power  was  required  to, maintain  the  surface  at  3350°F  in  air 
flowing  at  1  to  10  fps.  The  sample  had  a  light  grey  adherent  scale  on  the 
top  surface  and  a  thick  white  scale  on  the  side  walls.  It  crackod  on  cooling 
and  broke  into  two  pieces.  Figures  15  and  16  show  post  exposure  photo¬ 
graphs  of  this  sample. 

In  a  second  test  (44-2),  the  sample  was  supported  on 
an  Al-O-  tube  having  a  0.22  inch  ID  hole.  This  permitted  better  sighting 
with  fhennicro-optical  pyrometer  and  good  measurements  of  substrate 
temperature  were  obtained.  An  emittance  value  of  0. 55  was  assumed  for 
calculation  of  substrate  temperature.  Figures  1?  and  18  show  photographs 
of  this  sample  after  testing.  The  following  three  tests  were  conducted 
maintaining  the  metallic  substrate  at  constant  temperature.  In  tests  (44-1 
and  44-2)  the  samples  reacted  and  fused  with  the  ZrO-  end  Al-O,  support 
tubes.  It  is  necessary  to  support  the  samples  on  nonreactive  nufterials,  and 
previous  experience  has  shown  that  water-cooled  copper  ie  very  good  for 
this  purpose.  A  new  support  stinger  was  designed  and  built  from  hard  drawn 
0.25  inch  OD  copper  tube.  The  outside  surface  and  specimen  support  were 
water  cooled.  The  inside  was  open  and  was  connected  to  a  gas  purge  aystem 
and  a  front  surface  mirror  for  temperature  measurement.  With  this  device, 
internal  temperature  could  be  measured  while  using  a  helium  purge  to  pre¬ 
vent  oxidation  of  the  sample  from  the  inside.  The  outside  diameter  of  the 
completed  stinger  was  0.5  inch.  This  matches  the  specimen  diameter  and 
minimises  disturbance  of  the  air  stream.  All  subsequent  tests  were  con¬ 
ducted  using  this  support. 

In  run  44-2,  the  surface  temperature  initially  was  about 
45°F  higher  than  the  substrate  temperature.  Normally,  the  surface  should 
be  cooler  because  of  air  flow  effects.  This  may  be  due  to  an  error  in  the 
aesumed  value  of  emittance.  The  internal  surface  was  purged  with  helium 
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and  did  not  develop  an  oxide  scale.  If  the  actual  value  of  emittance  was 
less  than  0.55;  the  substrate  temperature  would  be  higher  than  the  cal¬ 
culated  value  of  335S°F.  It  also  is  possible  that  at  the  low  flow  rate  used, 
very  little  cooling  of  the  surface  occurs.  The  surface  temperature  held 
constant  for  about  20  minutes  and  then  began  to  decrease  slowly  with  time. 

At  the  end  of  60  minutes,  the  surface  temperature  was  3220°F  with  the 
substrate  still  at  3350°F.  This  behavior  is  very  similar  to  that  found  for 
Cb-lZr  and  the  borides. 

The  last  three  runs  in  this  series  (76-1,  77-1  and 
77-2)  were  conducted  in  air  flowing  at  50  fps  using  substrate  temperature 
control.  In  each  case,  the  initial  surface  temperature  was  320°  to  400°F 
lower  than  the  substrate  temperature  with  wall  thickness  of  0. 11  to  0. 15 
inch,  illustrating  the  significant  effect  of  air  flow  on  cooling  of  the  surface. 

Metal  temperature  below  the  oxide  scale  is  assumed  to  be  close  to  that 
reported  for  the  substrate  measurement.  Again,  an  emittance  value  of  0.55 
was  assumed  to  calculate  true  temperature.  Actual  values  may  be  somewhat 
higher  due  to  the  use  of  an  internal  helium  purge  to  minimise  oxidation.  In 
all  tests,  top  surface  temperature  decreased  with  time.  After  60  minutes, 
the  surface  temperature  was  400°  to  500°F  lower  than  the  substrate  tempera¬ 
ture.  Figures  19-22  show  post  exposure  photomicrographs  of  these  samples. 

3.  JTA(D-13) 

Hemispherical-capped  one  half  inch  diameter  by  one  inch 
long  samples  were  core  drilled  with  a  0. 25-inch  diameter  hole  to  within 
175/225  mils  of  the  top  surface  (wall  thickness).  Substrate  and  surface  tempera¬ 
tures  were  measured  simultaneously,  and  tests  were  made  using  both  sub¬ 
strate  and  surface  temperature  control.  The  results  are  summarised  in 
Figure  23  and  Table  2, 

In  the  first  test,  JTA(D-13)-L2,  substrate  control  at 
3400  F  was  used  with  air  flowing  at  50  ft/sec.  A  sharp  temperature  gradient 
existed  over  the  top  surface  and  it  was  not  possible  to  measure  brightness 
temperature  for  calculation  of  emittance.  The  indicated  true  surface  tempera¬ 
ture  was  350  F  lower  than  the  substrate  control  temperature,  indicating  the 
existence  of  a  severe  gradient  through  the  wall. 

In  all  subsequent  tests,  specimens  were  machined  to 
a  flat  face  configuration  in  order  to  obtain  a  uniform  top  surface  temperature. 
The  second  test,  JTA(D-13)-L1,  was  a  repeat  of  the  first  test  using  a  flat 
face  specimen.  Good  optical  readings  were  obtained  and  the  normal  spectral 
emittance  was  calculated  to  be  0.69  at  a  surface  temperature  of  about  3000°F, 

As  in.  the  first  test,  a  steep  temperature  gradient  of  over  400°F  through  the 
wall  was  indicated.  The  top  surface  temperature  remained  fairly  steady  with 
a  drop  of  only  50°F  after  1  hr.  exposure.  Examination  of  the  specimen  re¬ 
vealed  a  thin  oxide  scale  with  very  little  recession.  Total  recession  appeared 
to  be  greater  than  that  obtained  with  the  hemispherical  cap  specimen. 

Furnace  data  on  JTA(D-13)  indicates  surf  sice  recessions 
of  80  to  180  mils  after  1  hour  at  3400°F.  The  low  recession  with  substrate 
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control  at  3400°F  suggests  that  aur£ace  (oxide  scale)  temperature  may  be 
the  rate -governing  factor.  This  possibility  was  explored  further  by  con¬ 
ducting  teats  in  slowly  moving  air  (~  10  ft/sec)  at  3820°F  using  both  sub¬ 
strate  and  surface  control.  The  low  flow  rate  was  used  to  minimise  the 
temperature  gradient  through  the  wall  thickness.  As  shown  in  Table  2, 
this  was  achieved  in  that  the  initial  values  of  true  surface  and  substrate 
temperature  with  a  180-mil  thick  wall  were  in  perfect  agreement  based 
on  an  assumed  emittance  correction  of  0.6  for  the  substrate. 

In  the  test  with  a  substrate  control.  JTA(D-13)-L5, 
the  surface  temperature  decreased  from  an  initial  value  of  3821°F  to  2901°F 
after  1  hour  while  the  substrate  remained  constant  at  3820°F.  The  time  rate 
of  change  in  surface  temperature  is  shown  in  Figure  23.  Most  of  the  drop 
(700°F)  occurred  in  the  first  5  minutes  of  test.  The  initial  thin  oxide  layers 
show  a  strong  insulating  effect.  Surface  temperature  drops  until  the  rats  of 
heat  loss  by  radiation  and  convection  is  balanced  by  the  heat  transfer  outward 
through  the  scale.  As  the  scale  grows  in  thickness,  the  tsmperature  gradient 
increases,  and  at  the  end  of  1  hour  the  indicated  drop  is  920°F.  Figure  24 
shows  a  post  exposure  photomicrograph  of  this  sample. 

On  cooling,  the  oxide  scale  spalled  off  the  top  surface. 
Total  surfhee  recession  measured  by  reduction  in  wall  thickness  was  33  mils. 
Furnace  oxidation  data  for  JTA  at  3800  F  indicates  a  recession  of  over  200 
mils  in  1  hour(3)iTha  very  low  recession  in  the  CQ/HW  test  clearly  indicates 
that  substrate  temperature  is  not  rate  governing.  From  Figure  23,  the 
average  temperature  of  the  surface  for  55  minutes  of  ths  test  was  about  3000°F. 
Furnace  data  for  JTA  at  3000  F  indicate  a  conversion  depth  of  4  to  7  mils  in 
1  hour.  This  is  in  reasonably  good  agreement  with  the  measured  value  of 
15  mils  for  this  test,  lending  further  support  to  the  conclusion  that  oxide 
scale  temperature  and  not  substrate  temperature  governs  ths  rats  of  surface 
recession  of  JTA(D-13)in  CG/HW  tests. 


Test  JTA(D-13)-L4  was  conducted  at  a  constant  surface 
temperature  of  3820°F  in  slowly  moving  air  (<  10  ft/sec).  The  power  input 
had  to  be  increased  steadily  to  maintain  the  top  surface  temperature  at  3820°F. 
After  6  minutes,  full  power  was  drawn  from  ths  RF-generator  and  the  surface 
temperature  began  to  fall  off.  The  substrate  temperature  at  this  time  was 
4563  F  (using  an  emittance  correction  of  0.6).  A  740°F  temperature  gra¬ 
dient  through  the  scale  was  developed  in  6  minutes.  This  is  the  same  gradient 
fouhd  in  tests  using  substrate  control  at  3820°F.  In  this  case,  however,  the 
heat  losses  from  the  surface  are  constant  and  the  substrate  temperature  is 
Increased  to  maintain  the  needed  rate  of  heat  flow  through  the  scale.  The  time 
rate  of  change  in  temperature  drop  through  the  scale  is  shown  in  Figure  23. 

The  test  was  terminated  at  7.5  minutes,  when  it  was  no  longer  possible  to 
maintain  a  constant  surface  temperature,  A  post  exposure  photograph  of 
JTA(D-13)-L4  is  shown  in  Figure  25. 

The  surface  of  the  sample  bubbled  continuously  during 
the  test  and  a  thick  layer  of  white  oxide  was  deposited  on  the  water-cooled 
copper  support  rod.  It  is  assumed  that  SiO  was  given  off  as  a  vapor  and  the 
condensate  is  SIO^  and  Si  formed  by  the  disproportionation  of  SiO  on  cooling 
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(2  SiO,.  ■*  Si,  i  +  Tlie  ■urface  oxide  was  adherent  and  many  large 

crystaW  we  re*  ”  observe  tr  6n  the  inside  wall  of  the  aample  (helium  shielded). 
These  have  the  appearance  of  Si  or  SiC  and  were  formed  by  sweating  of  a 
liquid  phase  formed  in  the  material. 

Sample  JTA(D-  13)-L3  suffered  a  thermal  stress  failure. 
After  1  minute  at  3820°F,  a  1/16-in, -thick  wafer  slice  literally  exploded  off 
the  top  surface.  A  loud  snap  was  heard  and  the  piece  shot  up  out  of  the  test 
area  several  feet  into  the  air  and  landed  on  the  floor  next  to  the  operator. 

The  test  was  terminated  at  this  point* 

Oood  temperature  readings  for  emittunce  calculations 
were  obtained  in  tests  with  the  flat  face  cylinders.  At  3820°F,  emittance  was 
found  to  increase  with  time  from  an  initial  value  of  0,5-0.55  to  a  final  value 
of  0.7-0.75  after  10  minutes,  little  change  was  observed  on  continued  holding 
to  1  hour. 

4.  Si02  +  60  w/o  W(H-23) 


The  results  obtained  for  SiO,  4  60  w/o  W{H-23)  are 
shown  in  Table  2.  Sample  SiO,  +  60  w/o  W(H-23)-Xl  was  tested  at  315<rF 
(surface  control)  in  air  flowingfat  50  ft/sec.  The  sample  was  difficult  to 
heat  with  the  RF-generator  due  to  poor  coupling  and  3150°F  was  the  maximum 
temperature  reached  at  full  power  output.  Batter  coupling  and  higher  tempera* 
tures  could  be  realised  by  using  the  10,000-cycle  motor  generator  set  power 
supply.  Temperature  held  very  steady  for  25  minutes.  The  specimen  tipped 
on  its  support  when  the  helium  flow  to  the  inside  wall  was  increased  to  clear 
the  sight  tube  and  the  tost  was  terminated. 


A  temperature  gradient  of  over  1000°F  was  observed 
through  the  200-mil-thicJk  top  wall.  The  substrata  temperature  was  4154  F, 
with  the  surface  at  3150°F  in  less  than  1  minute  at  temperature.  The  gradient 
was  constant  for  f  minutes  and  appeared  to  be  through  the  entire  section,  not 
just  through  the  outer  oxide  scale.  This  restricted  testing  of  the  material 
to  temperatures  below  3100°F. 


This  test  also  revealed  one  other  important  aspect  of 
the  behavior  of  SiJD-  +  60W.  At  temperatures  below  the  fusion  range  for 
silica  (2700-3000°F),  the  surface  is  not  healed  and  the  tungsten  phase  is 
rapidly  oxidised.  Accelerated  attack  and  rapid  failure  will  occur  at  low 
temperatures.  The  material  is  resistant  to  oxidation  only  when  the  silica 
phase  is  liquid  and  completely  covers  the  outer  surface  with  a  thick  viscous 
coating.  A  deep  crack  existing  in  the  specimen  was  healed  over  most  of  its 
length.  The  growth  of  tungsten  oxide  from  below  the  surface  occurred  at  one 
point  in  the  cracked  region.  This  formed  during  cooling  and  may  be  the  result 
of  localised  tungsten  segregation.  One  aspect  of  behavior  that  further  limits 
the  usefulness  of  SiO,  +  W  composites  is  related  to  the  softening  of  SiO,. 

Qood  oxidation  behavfor  is  exhibited  only  above  2800°F.  However,  SiOf  softens 
and  becomes  a  viscous  liquid  above  this  temperature.  Thus,  as  shown  In 
Figures  26  and  27,  Test  SiO2+60w/oW(H-23)-Ll  exhibited  a  surface  temperature 
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of  3150°F  and  an  internal  temperature  above  4000°F,  This  led  to  viscoua 
flow.  Consequently,  the  structural  utility  of  the  material  will  be  very  limited 
at  temperatures  where  the  best  resistance  to  oxidation  is  exhibited.  Emittance 
of  the  material  was  found  to  be  0, 80  and  was  steady  with  time. 

5.  ZrCKXC-12) 

The  results  obtained  for  ZrC+C(C-l2)  are  shown  in 
Table  2  and  in  Figure  23.  Sample  ZrC+C(C-12)-Ll  was  tested  at  3600°F 
(surface  control)  in  air  at  50  ft/sec.  No  problems  in  heating  were  encountered 
and  a  very  low  power  input  was  required  to  hold  the  surface  at  3600°F. 

The  temperature  gradient  through  jhe  wall  (154  mil  thick)  increased  from 
110°F  at  less  than  1  minute  to  ?88°F  after  15  minutes.  The  time  rate  of 
change  is  shown  graphically  in  Figure  23.  The  temperature  gradient  is 
similar  to  that  found  for  JTA(D-13)  and  appears  to  be  due  to  the  growth  of 
a  thick  ZrO,  scale  on  the  surface.  The  test  was  terminated  at  15  minutes 
due  to  the  very  high  internal  temperature  (4388°F)  and  apparent  rapid 
surface  recession.  The  surface  was  covered  with  a  thick  adherent  oxide 
scale  and  no  evidence  of  vaporisation  from  the  surface  was  found.  The 
amount  of  oxidation  appeared  to  be  heavier  near  the  base  (cooled)  of  the 
sample  than  near  the  top  (hot). 

The  top  surface  had  a  faceted  appearance  at  high 
temperature*  and  brightness  temperature  readings  were  very  difficult  to 
obtain.  The  readings  wero  very  low  and  yielded  a  calculated  normal  spectral 
emittance  of  0. 10.  The  reason  for  this  behavior  is  that  the  large  primary 
graphite  flakes  found  in  the  material  oxidise  preferentially  and  leave  large 
voids  and  cracks  in  the  heavy  ZrOg  scale  which  forms  (see  Figures  57-59). 
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HI.  RESULTS  OF  HIGH  VELOCITY  COLD  GAS /HOT  WALL  OXIDATION 


f  T  MiL3  ilMSI 


The  results  of  more  then  three  hundred  tests  of  candidate  materials 
listed  in  Table  1  are  presented  below.  The  conditions  under  which  these 
tests  were  performed  at  atmospheric  pressure  cover  surface  tempera¬ 
tures  between  2000°F  and  4000®F  at  flow  rates  which  were  less  than  ten 
ft/ sec  as  a  lower  limit  and  up  to  250  ft/  sec  as  an  upper  limit.  The  can¬ 
didate  materials  which  were  characterised  under  these  conditions  included 
HfB2  i(A-2),  ZrB2(A-3),  HfB2+SlC(A-4)»  ZrB2+SlC(A-8)i  RVA(B-5), 
Speer  710,  ATJS,  Si/RVC(B-8)  and  PT0178(B-9)  graphites,  Glassy  Car¬ 
bon  (B-ll),  HfC+C(C-ll),  ZrC+C(C-l2),  KT-SiC{E-14),  JT0992(F-15), 
JT0981(F-16),  WSb/W(G-18),  Sn-A//Ta-10W(G-19).  SiO2+60w/oW(H-23) 
and  Hf-20Ta-2Mo(I-23). 


Test  Results  for  HfB 


110531 


The  results  for  HfB2,i(A-2)  are  summarised  in  Table  3. 
Figures  11  and  12  show  typical  post  exposure  photomicrographs  of 
sectioned  samples.  As  indicated  earlier  in  Section  H-B-l ,  substantial 
temperature  gradients  through  the  oxide  which  forms  on  this  material 
are  indicated.  Moreover,  at  temperatures  where  thick  oxides  form  (due 
to  rapid  oxidation),  constant  surface  temperatures  could  not  be  main¬ 
tained,  No  problems  were  encountered  in  runs  at  3000°-3400  r.  Temper* 
atures  could  be  held  constant  in  all  cases,  The  maximum  temperature 
attainable  at  high  velocity  was  3240°F.  All  samples  had  a  uniform  light 
cream  colored  oxide  scale  on  the  top  surface.  Initial  values  for  omit¬ 
tance  ranged  from  0. 46  to  0. 71  with  an  average  of  0.  55.  The  omittance 
tended  to  decrease  with  holding  time.  Final  values  (after  30  minutes) 
ranged  from  0. 18  to  0, 57  with  an  average  of  0.  41.  The  average  is  0. 49 
if  three  suspicious  low  values  (0.18,  0.27,  0,37)  are  discounted.  The 
surface  appearance  of  H£B2  after  testing  indicates  a  sensitivity  to  air 
flow.  For  a  given  temperature,  samples  from  high  air  flow  tests  ap¬ 
peared  to  have  a  thicker  scale.  Subsequent  measurements,  however,  did 
not  support  this  observation.  Heavy  deposits  of  a  white  powder  condensed 
on  the  cooled  support  rod  indicating  that  a  volatile  oxidation  product  had 
been  formed.  Smoking  of  all  samples  was  evident  during  testing. 

Figure  28  shows  the  conversion  depths  observed  after  30 
minute  exposure  of  HfB2.  l(A-2)  near  3300°F  as  a  function  of  air  flow. 
Comparison  of  these  results  with  those  obtained  in  furnace  tests  at  flow 
rates  of  1  ft/ sec  (3)  Indicates  no  definite  effect  of  velocity.  Moreover, 
these  results  support  the  MOTEL  Criterion  presented  in  Section  X, 

B,  Test  Results  for  ZrB?(A-3) 


The  behavior  of  ZrB2(A-3)  ie  specified  in  Table  4,  Figures 
7-10  show  typical  post  exposure  photomicrographs,  while  the  extent  to 
which  temperature  gradients  exist  through  oxide  films  on  ZrB%  and  the 
effects  of  air  flow  rate  on  oxidation  under  high  velocity  CG/HW  condi¬ 
tions  are  illustrated  in  Figures  6  and  29. 
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None  of  the  ZrB2  sample*  could  be  run  at  constant  tempera¬ 
ture  in  the  CG/HW  tests.  In  all  runs  at  3300°-3500°F,  the  surface 
temperature  began  to  fall  off  after  the  first  two  minutes.  As  the  oxide 
scale  grew  in  thickness,  the  surface  temperature  dropped.  This  be¬ 
havior  has  been  observed  in  all  tests  and  is  the  result  of  rapid  scaling 
and  a  large  temperature  drop  through  the  scale.  The  omittance  for 
ZrBg  ranged  from  0.  47  to  0.  76  with  an  average  of  0.  60  initial  and  0.  42 
to  1. 00  with  an  average  of  0. 69  final.  The  averages  are  in  the  range 
previously  established  for  this  material  at  X.  s  0.  65p.  Viscous  flow  of 
the  oxide  was  evident  above  3400°F. 

Comparison  of  the  present  results  with  the  observations 
made  in  furnace  tests  at  flow  rates  of  1  ft/  sec  indicate  no  definite  ef¬ 
fect  of  flow  rate.  In  addition,  the  current  results  are  in  general  agree¬ 
ment  with  the  furnsice  tests  thus  supporting  the  MOTEL  Criterion 
presented  in  Section  1. 

The  results  clearly  indicate  that  the  recession  rates  of  ZrB2 
and  HfB2  are  governed  by  surface  (oxide  scale)  temperatures  rather  than 
substrate  (Interface)  temperatures.  This  behavior  suggests  that  transport 
through  ths  oxide  scale  (ZrOg  or  WO2)  governs  the  oxidation  behavior  of 
these  materials.  Minimum  scale  temperature  controls  the  rate.  Surface 
control  of  temperature  should  be  used  in  CG/HW  oxidation  testing  of  these 
materials.  This  conclusion  is  based  on  the  comparison  of  the  current  re¬ 
sults  obtained  by  induction  heating  (where  the  substrate  temperature  is 
higher  than  the  surface  temperature)  and  the  results  of  furnace  tests  (3) 

(in  which  the  substrate  and  surface  temperatures  are  equal)  shown  below: 


CG/HW 


Temperature 

Measured 

Recession 

Material 

Substrate 

Surface 

Time 

High  Velocity 

Furnace 

o_ 

F 

°F 

(min) 

(mils) 

(mils) 

ZrB2 

3400 

3400-3180 

60 

12 

(A-3-18) 

(constant) 

(3223  Avg) 

3400 

60 

40-80 

3225 

60 

17-40 

ZrB2 

3400-3680 

3400 

24 

14 

(A-3-13) 

(3373  Avg) 

(constant) 

3400 

30 

20-40 

3375 

30 

35-70 

ZrB2 

>3400 

3400-3000 

30 

18 

(A-3-6) 

(variable) 

(3300  Avg) 

3400 

30 

20-40 

3300 

30 

12-26 
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Temperature 


CG/HW 

Measured  Recession 


Material 

Substrate 

Surface 

Time 

High  Velocity 

Furnace 

°F 

°F 

(min) 

(mils) 

(mils) 

HfB2.1 

>3600 

3600-3190 

60 

18 

(A-2-15) 

(variable) 

(3400  Avg) 

3600 

60 

34-74 

3400 

60 

18-40 

HfB2.i 

>3600 

3400 

30 

4 

(A-2-13) 

(variable) 

(constant) 

3600 

30 

17-37 

3400 

30 

9-20 

C.  Test  Results  for  HfB2+SlC(A-4)  and  ZrB?-fSlC(A-8) 

Testing  of  H£B2+SlC(A-4)  presented  no  unusual  problems  or 
behavior  during  test.  Glassy  viscous  (semiliquid)  oxide  films  formed  on 
all  samples.  The  surfaces  bubbled  and  blistered  throughout  the  tests  at 
2900°-3300°F.  Test  temperatures  were  limited  to  the  lower  end  of  this 
range  at  high  gas  velocity  due  to  coupling  and  power  supply  limitations. 
Temperatures  held  steady  with  time,  Emittance  values  ranged  from  0. 87 
to  1.00  with  an  average  of  0. 94,  The  values  probably  are  not  valid  due  to 
the  nonuniformity  (blistering)  of  the  surface.  This  condition  precluded 
accurate  measurement  of  brightness  temperature.  Many  of  the  samples  had 
spotty  areas  of  a  green  colored  oxide  scale  (matte  finish).  Large  areas  of 
green  scale  formed  on  the  side  walls  at  temperatures  above  3000°F.  The 
cause  of  this  condition  could  not  be  determined. 

The  behavior  of  ZrB2+SiC(A-8)  was  quite  similar  to  that  of 
HfB2+SiC(A-4),  except  that  the  patchy  green  oxide  did  not  form  on  this 
material.  Samples  were  covered  with  a  smooth  black  glass  at  low  tem¬ 
peratures  (2675°F).  At  2800°F  and  above,  a  patchy  white  oxide  formed. 

The  samples  were  more  difficult  to  heat  than  HfBrfSlC(A-4)  and  could 
not  be  run  at  temperatures  much  above  3000°F.  ftmlttanca  values  ranged 
from  0. 83  to  0, 98  with  an  average  of  0, 92.  Blistering  of  the  surface 
again  precluded  accurate  measurement  of  brightness  temperature.  Fig- 
urea  30  and  31  show  post  exposure  photomacrographs  of  HfB2+SiC(A-4) 
and  ZrB9+SiC(A-8).  Metailo graphic  observations  after  sectioning  showed 
very  little  depletion  of  silicon  carbide  and  small  conversion  depths  which 
are  in  general  agreement  with  the  results  obtained  in  furnace  tests  (3). 
Consequently,  there  does  not  appear  to  be  any  pronounced  effect  of  Out 
flow  rate  on  the  oxidation  of  these  materials. 

D.  The  Oxidation  of  RVA(B- 5),  Speer  710,  ATJS,  PT0178(B-9) 

Graphites  and  Glassy  Carbon  (B- 1 1)  *  * 

More  than  two  hundred  samples  of  graphite  and  carbon  have 
been  tested  in  a  study  of  the  effect  of  temperature,  gas  velocity,  specimen 


17 


configuration,  and  grade  of  material  on  oxidation  behavior.  The  follow¬ 
ing  grades  of  material  were  studied: 

1.  RVA(B5 -LI  through  B5-L22) 

Density  -  1.79  +  0.02  gm/cc 
Carbon  -  99.2%" 

2.  Speer  Carbon  Grade  710  (extruded  rod) 

Density  -  1.65-1.75  gm/cc 
Average  Porosity  -  18% 

Ash  Content  -  2%  max. 

3.  ATJS  (National  Carbon  Co,) 

Density  -  1.82  gm/cc 
Porosity  >  9%  average 
Carbon  -  99. 5  +  % 

4.  PT0178(B-9)  (Union  Carbide  Corp.) 

Density  -  1.29  gm/cc 

Carbon  -  99. 6% 

5.  Glassy  Carbon  -  Grade  2000  (Lockheed  Missile  b 
Space  Co.) 

Density  -  1.45  gm/cc 
Porosity  -  nil 
Carbon  -  99. 5  +  % 

All  materials  except  the  glassy  carbon  were  solid  cylinders  0. 5  inch 
diameter  by  1.0  to  1.5  inch  long.  The  glassy  carbon  samples  were 
hollow  cylinders  with  one  end  closed  (crucible -type)  of  a  nominal  0.  5 
inch  diameter  by  0.  7  inch  long.  Wall  thickness  at  the  sides  and  top 
was  0. 122  inch. 

The  samples  were  mounted  vertically  on  a  water  cooled 
copper  stinger  and  were  heated  by  induction  using  a  475  KC-23  KVA 
Lepel  power  supply  (2) .  Ambient  air  was  drawn  past  the  heated 
specimens  at  50  to  25o  fps,  Temperature  of  the  top  surface  exposed 
to  the  gas  flow  was  measured  with  a  Milletron  two-color  pyrometer  and 
a  microoptical  pyrometer  {0,65**  wavelength).  The  two-color  temperature 
was  held  constant  during  the  test.  The  normal  test  procedure  consisted  of 
(1)  setting  the  proper  air  flow,  (2)  heating  the  sample  to  test  temperature 
within  15  seconds,  (3)  holding  temperature  and  flow  constant  for  various 
time  increments,  and  (4)  simultaneously  cutting  off  power  and  air  flow  to 
terminate  the  test.  The  total  time  at  the  test  temperature  was  recorded 
as  the  testing  time.  The  change  in  length  from  the  top  stagnation  point 
to  the  water  cooled  base  as  determined  from  micrometer  measurements 
before  and  after  test  was  taken  as  the  total  surface  recession.  The 
materials,  conditions,  and  results  of  all  tests  are  listed  in  Tables  7 
and  8  and  the  significant  results  are  summarized  in  Figures  32  through 
53. 

Oxidation  rate  curves  for  the  four  high  density  grades  of 
graphite  at  2850°F  and  50  fps  are  presented  in  Figure  32.  RVA  and 
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ATJS  are  shown  to  have  the  same  rate  of  oxidation.  The  latter  is  a  lead¬ 
ing  grade  of  material  for  reentry  applications.  The  Speer  710  graphite 
has  a  10%  higher  rate  of  recession,  most  likely  due  to  its  lower  density 
and  purity.  The  most  significant  finding,  however,  is  that  glassy  carbon 
oxidised  at  1/3  the  rate  of  RVA  and  ATJS  under  identical  test  conditions. 
This  material  has  a  low  density  (1. 45  gm/cc)  but  has  no  porosity.  It  is 
a  noncrystalline  (glassy)  material  that  appears  to  be  quite  different  from 
the  graphitic  forms  of  carbon. 

The  effect  of  variations  in  temperature  and  gas  velocity  on  the 
rate  of  surface  recession  was  studied  for  Speer  710,  RVA  and  glassy  car¬ 
bon.  Oxidation  rate  curves  are  shown  in  Figures  33-35  and  the  effect  of 
these  variables  on  recession  rates  is  summarised  in  Figure  36.  Many  of 
the  rate  curves  for  the  flat-faced  specimens  exhibited  a  nonlinear  rate  be¬ 
havior  in  which  the  rate  tended  to  increase  with  time  of  exposure  (Figures 
33  and  35).  As  will  be  shown  later,  this  results  from  a  shape  change.  The 
flat  faced  specimens  burn  to  a  conical  tip  which  effectively  alters  the  flow 
conditions  and  increases  the  rate  of  recession.  With  the  exception  of  some 
edge  rounding,  the  top  surface  remained  fairly  flat  for  the  first  three  min¬ 
utes.  The  rate  curve  appeared  to  be  linear  during  this  initial  period  and 
the  slope  of  the  best  fit  straight  line  for  the  first  3  to  4  minutes  was  taken 
as  the  surface  recession  rate.  In  subsequent  tests  single  runs  were  made 
with  a  three  minute  exposure  and  the  recession  rate  was  taken  as  1/3  of 
the  total  measured  recession.  As  will  be  shown  later,  however,  even  these 
values  are  not  representative  of  the  true  recession  behavior. 

Figure  36  shows  that  the  oxidation  behavior  for  each  of  three 
different  materials  was  different.  The  surface  recession  rate  for  RVA 
did  not  increase  with  temperature  from  2850°  to  3250  CF  at  flow  rates  of 
50  ox  150  fps.  This  behavior  agrees  with  results  of  furnace  tests  on  RVA 
graphite  above  2800°F  (3).  The  oxidation  rate,  however,  increased  by  56% 
(from  36  to  56  mil/min)  when  the  air  flow  rate  was  increased  from  50  to 
150  fps.  In  furnace  tests  at  low  flow  rates  (<  10  fps),  the  recession  rate 
above  2800°F  was  in  the  range  of  8  to  14  mil/min.  The  effect  of  air 
velocity  on  recession  rate  of  flat  faced  cylinders  of  RVA  is  summarised 
in  Figure  37.  The  significant  increase  in  rate  with  Increased  velocity 
demonstrates  that  surface  recession  is  governed  by  the  gas  phase  in  these 
tests.  As  will  be  discussed  later,  increasing  the  velocity  raises  the  par¬ 
tial  pressure  of  oxygen  near  the  surface  and  thereby  increases  the  rate  of 
reaction. 


Unlike  RVA,  the  surface  recession  rate  of  Speer  710  was 
sensitive  to  variations  in  both  temperature  and  flow  rate.  The  rate  in¬ 
creased  by  about  30%  with  an  increase  in  temperature  from  2650°  to 
3050°F.  At  a  flow  rate  of  50  fps,  the  rate  became  insensitive  to  tem¬ 
perature  above  3000°F  and  the  behavior  was  like  that  of  RVA  (Figure  36). 
The  surface  recession  rate  was  20%  higher  than  that  of  RVA  in  this 
temperature  range.  Like  RVA,  the  surface  recession  of  Speer  710  also 
increased  with  flow  rate.  At  high  flow  rates  (150  fps),  it  appears  that 
sensitivity  of  rate  to  temperature  for  Speer  710  extended  to  higher 
temperatures. 
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The  glassy  carbon  materials  exhibited  still  a  third  type 
of  behavior  in  this  initial  series  of  tests.  As  shown  in  Figure  36,  a 
very  strong  dependence  of  recession  rate  on  temperature  was  found. 
Below  3000°F,  this  material  oxidized  at  a  much  slower  rate  than  the 
graphites.  However,  above  3000°F,  glassy  carbon  burned  at  much 
higher  rate  than  the  other  materials.  At  2850°F,  the  rate  increased 
by  23  mil/min  on  raising  the  flow  rate  to  150  fps.  This  differential 
is  the  same  as  that  found  for  RVA  (21  mil/min)  and  Speer  710  (22 
mil/min) . 

Two  different  grades  of  glassy  carbon  were  evaluated  in 
these  tests.  The  oxidation  behavior  of  both  grades  should  be  similar. 
The  grade  3000  material  is  produced  by  the  same  process  but  is  cured 
at  a  higher  temperature  to  enhance  resistance  to  thermal  shock.  No 
problems  with  thermal  shock  were  encountered  in  the  tests  conducted 
with  either  grade  of  glassy  carbon.  As  shown  in  Table  7  the  calcula¬ 
ted  values  of  normal  spectral  emittance  for  glassy  carbon  at  2850°- 
3250°F  was  0.54-0.  55.  This  is  significantly  lower  than  the  values  of 
0. 75  to  0.80  obtained  for  RVA  and  Speer  710  graphites  in  this  tempera¬ 
ture  range. 

The  differences  in  oxidation  behavior  observed  for  these 
three  materials  indicated  a  need  for  a  more  detailed  study  of  factors 
controlling  recession  rates  in  CG/HW  tests  before  proceeding  with 
the  test  program.  Shape  changes  during  testing  and  nonlinearity  of 
rate  curves  were  of  particular  concern.  The  marked  effect  of  gas 
velocity  on  rates  indicated  that  slight  variation  in  shape  could  be  an 
important  factor.  Shape  influences  the  flow'  patterns  and  the  nature 
of  gas  phase  boundary  layer  at  the  surface.  To  check  the  effect  of 
sample  configuration  on  surface  recession,  tests  were  conducted  on 
flat-faced,  hemisphericai-capped  (0. 25  inch  radius)  and  conical  tipped 
(30°  included  angle)  cylinders  of  Speer  710  graphite.  The  starting  con¬ 
figurations  and  shape  changes  with  time  of  exposure  at  2850°F  in  air  at 
50  fps  are  shown  in  Figure  38.  Corresponding  rate  curves  are  given  in 
Figures  39  and  40. 

As  shown  in  Figure  38,  the  nose  configuration  of  both  the 
flat-faced  and  hemispherical  capped  specimens  changed  during  testing. 
The  edges  of  the  flat-faced  cylinder  were  rounded  at  3  minutes  and  the 
top  surface  became  hemispherical  at  about  6  minutes.  After  9  minutes 
the  sample  was  approaching  a  conical  shape.  The  hemisphericai-capped 
sample  developed  a  well  formed  conical  shape  at  9  minutes.  On  the 
other  hand,  the  nose  configuration  of  the  30°  cone  specimen  was  not 
altered  significantly  during  testing.  As  shown  in  Figure  38,  the  very  tip 
became  rounded  (about  0. 06  inch  radius)  but  the  30°  conical  nose  was 
stable  to  9  minutes.  This  appears  to  be  a  limiting  configuration  that  the 
other  samples  are  tending  to  approach. 
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The  rate  curves  (Figures  39  and  40)  support  the  conclusion 
that  a  30°  cone  is  the  limiting  stable  configuration  in  CG/HW  tests. 

The  surface  recession  rate  curves  for  the  conical  samples  were  per¬ 
fectly  linear  out  to  9  minutes.  This  is  the  normal  behavior  that  would 
be  expected  for  the  oxidation  of  graphite.  It  indicates  a  stability  of 
temperature  and  gas  phase  compositions  at  all  points  on  the  surface 
during  testing.  The  rate  curves  for  the  hemispherical  and  flat-faced 
samples  were  not  linear  and  tended  to  increase  in  slope  with  time. 

The  initial  slopes  indicated  approximately  half  the  rate  exhibited  by  the 
conical  sample.  After  9  minutes,  however,  the  instantaneous  linear 
rate  (tangent  slope)  for  the  hemispherical  sample  was  the  same  as  the 
rate  for  the  conical  sample.  As  shown  in  Figure  38,  the  hemispherical 
sample  at  this  point  was  approaching  the  limiting  conical  configuration 
and  the  nose  radius  was  approaching  60  mils.  , 

Since  the  total  recession  after  3  minutes  had  been  used  to 
calculate  linear  rates  in  the  study  of  temperature  and  velocity  effects, 
the  shape  factors  were  studied  for  short  exposure  times.  As  shown  in 
Figure  88,  the  recession  rate  curve  for  the  flat-faced  cylinders  is  non¬ 
linear  from  the  very  start.  The  slope  of  the  curve  increased  steadily 
with  time.  Even  the  slight  shape  change  during  the  first  3  minutes  re¬ 
sults  in  significant  rate  variations.  Rates  obtained  as  calculated  by 
(1)  linear  extrapolation  to  sero,  or  (2)  tangent  to  rate  curve  at  various 
times  are  summarised  below: 


Recession  Rate  (Mil/Min) 
at  3650°F  and  50  ft/ sec 


Time 

Linear 

Tangent 

(min) 

1 

42 

42 

2 

45 

48 

3 

48 

52 

4 

50 

60 

5 

53 

86 

Any  rate  from  42  to  86  mil/ min  can  be  obtained  depending  on  length  of 
test  and  method  of  rate  calculation.  The  results  clearly  show  that  con¬ 
stant  rates  of  surface  recession  of  graphite  cannot  be  obtained  using 
flat-faced  samples  in  these  CG/HW  flow  tests. 

The  rate  curve  for  the  30°  cone  tipped  sample,  on  the  other 
hand  was  linear  over  the  entire  range.  This  confirmed  results  of  pre¬ 
vious  tests  (Figure  39)  and  clearly  demonstrated  the  suitability  of  the 
conical  shape  for  the  CG/HW  tests.  Since  shape  and  surface  recession 
rates  are  constant  with  time,  meaningful  data  can  be  obtained. 
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With  all  other  configurations,  shape  changes  during  the 
test  and  a  wide  range  of  rate  values  can  be  obtained  for  any  set  of 
test  conditions  depending  on  length  of  test,  temperature,  flow  rate, 
and  method  of  calculation.  The  inconsistency  of  data  in  these  cases 
leads  to  results  that  have  limited  utility  and  which,  in  some  cases, 
may  prove  to  be  misleading.  This  is  illustrated  by  Figure  41  which 
compares  the  effect  of  temperature  on  the  surface  recession  of  conical 
and  fiat-faced  sample".  The  conical  sample  has  twice  the  surface 
recession  rate  and  about  the  same  temperature  dependency  of  rate  as 
the  flat  sample  to  3600°F.  However,  above  3600°F,  the  rate  for  the 
flat  sample  remains  constant  with  increasing  temperature  while  that 
for  the  conical  sample  shows  a  marked  increase.  As  indicated  below, 
these  differences  are  due  to  changes  in  the  gas  phase,  particularly  in 
the  concentration  of  oxygen  (oxygen  partial  pressure)  with  increasing 
temperature.  Oxygen  pressure  is  higher  and  less  variable  for  the 
conical  samples.  It  is  recommended  that  30°  cone  tipped  samples  be 
used  exclusively  in  all  future  CG/HW  tests  of  graphites.  A  specimen 
length  of  1-1/2  to  2  inches  is  required  for  preparing  these  samples. 

Two  problems  have  been  encountered  in  the  use  of  conical 
tipped  samples.  The  first  is  related  to  temperature  distributions  and 
the  measurement  of  temperature  in  samples  heated  by  induction.  The 
tip  portion  does  not  couple  with  the  inductive  field  as  well  as  the  bulk 
portion.  Thus,  temperature  at  the  tip  will  be  lower  than  that  of  the 
bulk  sample.  This  condition  is  aggravated  by  the  air  flow  which  tends 
to  cool  the  tip  still  more.  It  has  not  been  possible  to  obtain  an  exact 
measurement  of  tip  temperature.  The  surfaces  are  inclined  to  the 
line  of  sight  at  a  steep  angle  and  readings  cannot  be  made  with  the  micro- 
optical  pyrometer.  The  two-color  pyrometer  has  a  field  of  view  that 
includes  the  entire  top  surface.  Although  readings  are  not  influenced  by 
the  viewing  angle,  they  do  not  represent  actual  tip  temperature.  Instead, 
an  average  temperature  based  on  the  intensity  of  radiation  from  the 
entire  conical  surface  is  indicated.  The  exact  difference  between  the 
indicated  temperature  and  actual  tip  temperature  could  not  be  deter¬ 
mined.  Visual  observations  indicate  that  the  gradient  is  less  pronounced 
at  temperatures  above  3000°F,  In  all  cases,  however,  the  tip  tempera¬ 
ture  is  less  than  the  indicated  and  reported  values. 

The  second  problem  with  respect  to  the  use  of  conical 
tipped  samples  Is  related  to  the  measurement  of  surface  recession. 

At  low  temperatures  and  high  flow  rates,  the  tip  cools  to  a  point  where 
its  rate  of  recession  is  equal  to  or  less  than  that  of  the  conical  surface. 
Under  these  conditions,  the  actual  tip  recession  is  governed  by  the  rate 
of  side  wall  recession  as  shown  in  Figure  42.  If  the  side  wall  recedes 
1  mil  (measured  normal  to  the  surface)  the  tip  will  recede  by  3.86  mil 
if  the  30°  cone  geometry  remains  unchanged.  Under  these  conditions, 
the  tip  will  retain  a  sharp  point  (dashed  lines  in  Figure  42).  The  actual 
recession  rato  is  about  1/4  of  the  apparent  total  tip  recession.  Reces¬ 
sion  is  measured  normal  to  the  surface  and  in  this  case,  it  is  the 
recession  of  the  conical  surface  that  controls  the  tip  recession. 
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A  teat  that  approached  thia  condition  ia  shown  in  Figure  42B. 
This  sample  of  Speer  710  was  exposed  for  3  minutes  at  26S0°F  to  air 
flowing  at  150  fps.  After  testing,  a  thin  spire  10-20  mil  in  diameter 
extended  almost  0. 25  inch  upward  from  the  tip.  A  short  length  of  the 
spire  is  still  evident  in  the  photograph.  It  is  obvious  that  the  tip  re¬ 
cession  in  this  case  was  controlled  by  recession  of  the  conical  surfaces 
and  not  by  burning  of  the  tip.  Measured  tip  recession  after  removing 
the  spire  was  259  mils.  Had  the  sidwalls  retained  a  perfect  30°  shape 
to  the  very  tip,  the  tip  recession  would  appear  to  be  3. 86  times  the 
actual  recession  normal  to  the  surface  (Figure  42).  Actual  surface  re¬ 
cession,  therefore,  would  be  67  mils  or  a  rate  of  22  mils/min.  However, 
as  shown  in  Figure  42,  the  upper  part  of  this  sample  conforms  to  a  45° 
cone.  Geometrical  considerations  in  this  case  show  that  the  tip  will 
recede  2. 61  mils  when  recession  normal  to  the  surface  is  1  mil.  The 
actual  recession  rate  for  this  sample,  therefore,  is  99  mils  or  33  mil/ 
min. 

At  higher  temperatures,  the  rate  of  tip  recession  exceeds 
the  rate  of  recession  normal  to  the  cone  surface  and  a  rounded  nose  is 
formed  on  the  sample.  This  condition  is  illustrated  in  Figure  42C  (3 
minutes,  2850°F,  50  fps).  The  tip  now  has  a  well  defined  radius  (shout 
60  mils)  and  even  a  90°  angle  cannot  be  used  to  approximate  the  surface. 
The  recession  on  the  tip  is  normal  to  the  surface  at  all  points  and  the 
total  change  in  length  along  the  vertical  axis  is  a  direct  measure  of 
surface  recession.  Surface  recession  for  this  sample  is  240  mils  or 
80  mil/min.  If  this  were  not  the  case,  the  tip  would  form  a  sharp 
point  with  a  well  defined  conical  surface.  Figures  43  and  44  show  post- 
exposure  sections  through  samples  RVA(B-5)(L-6)(65-l)  andRVA(B-5) 

( L - 16)  ( 1 08  -  3) .  The  former  was  a  flat  face  cylinder  while  the  latter  was 
a  30°  cone  prior  to  exposure.  Reference  to  Table  7  shows  that  the 
former  sample  experienced  a  recession  of  227  mils  while  the  latter  had  a 
recession  of  264  mils. 

Using  Speer  710  and  RVA  grades  of  graphite,  a  detailed 
study  was  made  of  die  effect  of  temperature  and  gas  velocity  on  surface 
recession  in  CG/HW  tests.  The  30°  cone  tipped  samples  were  used  and 
test  conditions  were  limited  to  those  in  which  a  spherical  tip  of  uniform 
and  constant  radius  was  generated  (Figure  42C).  Under  these  conditions, 
the  total  change  in  length  along  the  vertical  axis  is  a  measure  of  the 
surface  recession.  The  results  of  studies  from  2550°  to  4050°F  in  air 
at  50  to  250  fps  are  given  in  Table  7  and  Figures  45-48. 

The  data  indicate  a  relatively  low  but  definite  sensitivity  of 
recession  rate  to  temperature  up  to  3650°F.  The  rates  tend  to  reach  a 
plateau  at  about  this  temperature.  Above  3700°F,  the  rates  increase  with 
temperature,  and  tend  to  approach  a  second  plateau  at  3950°F.  A  sign- 
n  if  leant  velocity  effect  is  indicated  with  rates  almost  doubling  on  a  five¬ 
fold  increase  in  air  velocity. 

An  Arrhenius  plot  (log  rate  vs.  1/T-°K)  of  the  data  was 
made  to  aid  in  interpretation  of  th^.  results.  As  shown  in  Figure  46,  an 
Arrhenius  relationship  (K  =  Ae'^/RT)  can  be  used  to  describe  the  data 
in  the  low  temperature  region  at  each  of  the  three  flow  rates.  The  slope 
or  apparent  activation  energy  (E)  is  calculated  to  be  4220  cal/mole.  All 
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the  data  can  be  represented  by  straight  lines  on  an  Arrhenius  plot  to 
3750°F.  Above  3750°F,  an  increase  in  slope  is  indicated  for  the  50 
4»  dfta.  The  higher  velocity  data,  however,  appear  to  be  linear  to 
3950°F.  It  is  possible  that  a  plateau  (temperature  insensitive  region) 
exists  from  3350°  to  3750°F  with  a  second  temperature  region  of 
higher  slope  above  3750°F  at  all  flow  rates.  Although  the  data  suggest 
this,  they  are  not  adequate  to  justify  plotting  the  high  velocity  results 
in  this  manner.  One  straight  line  gives  the  most  reasonable  fit.  Many 
additional  test  points  are  needed  to  establish  the  exact  shape  and  slope 
of  the  curves. 


Most  of  the  data  in  Figures  45  and  46  are  from  tests  of 
Stpeer  710  graphite  (  p  s  1.65  to  1. 75  gm/cc).  The  behavior  of  RVA 
graphite  (p  ■  1.79  gm/cc)  was  checked  at  each  flow  rate.  As  shown, 
die  surface  recession  behavior  of  RVA  was  the  same  as  that  of  Speer 
710.  No  significant  differences  were  noted.  This  indicates  that  the 
slight  differences  in  density,  structure  and  purity  of  these  two  grades 
did  not  materially  affect  the  oxidation  behavior.  The  data  generated 
from  tests  of  Speer  710  can  be  used  to  describe  the  behavior  of  RVA. 

The  value  of  activation  energy  for  the  oxidation  of  graphite 
found  in  this  study  is  in  excellent  agreement  with  results  of  other  in¬ 
vestigators.  Gulbransen,  Andrew  and  Brassart  (6)  found  a  sharp 
transition  in  activation  energy  for  the  oxidation  ofgraphite  at  725"C 
(1337°F).  Values  for  £  of  39, 000  cal/mole  were  observed  from  400° 
to  725°C  (752°-1337°F)  and  of  3600  cal/mole  from  725°  to  1500°C 
(1337°-2732°F).  Okada  and  Ikegawa  (7)  observed  a  similar  transi¬ 
tion  at  about  800®C  (1472°F).  Their  data  show  a  high  activation  energy 
legion  from  700°  to  800°C  (1292°- 1472 °F)  and  a  low  activation  energy 
region  from  800°  to  2000°C  (1472°-3632°F).  According  to  the  authors, 
the  latter  consists  of  two  low  slope  regions  (about  3000  cal/mole 
activation  energy  each)  separated  by  a  transition  region  of  moderate 
slope  from  1200*  to  1400°C  (2192°-2552°F).  Considering  scatter  in  test 
data,  the  entire  region  could  be  represented  by  one  straight  line  having  a 
slope  of  shout  5000  cal/mole.  Results  of  the  present  study  indicate  an 
activation  energy  of  4220  cal/mole  from  2550°F  (1371°C)  to  3750°F(2066°C). 


Gulbransen,  Andrew  and  Brassart  (6)  also  found  that  the  rate 
of  oxidation  was  dependent  on  oxygen  pressure  £o  the  0.  32  power.  That  is, 
for  any  given  temperature,  rate  increased  with  oxygen  pressure.  At  each 
pressure,  however,  the  data  fitted  an  Arrhenius  plot  with  the  olope  at 
3600  cal/mole.  The  following  empirical  equation  was  derived  to  describe 
the  oxidation  behavior: 


m  =  1.86  x  10"6  P°:32  e 

u2 


-3600 

“TTT 


gm/ cmZsec 


(1) 


For  graphite  of  a  density  of  1. 8  gm/cm  ,  this  converts  to: 

-3600 

&  *  2. 44  x  10“2  P°*  32  e  ~ mil /min 


(2) 


where  T  is  in  °Kelvin  and  P  is  in  Torr. 
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As  shown  in  Figure  47,  the  CG/HW  test  data  show  a  velocity 
dependency  o £  rate.  This  behavior  was  analyzed  by  plotting  log  rate  vs. 
log  velocity  for  normalized  295Q°F  data  at  50,  150  and  250  fps  from 
Figure  46  and  single  point  2650°F  data  for  tests  at  25,  50,  75  and  100 
fps.  Both  curves  are  parallel  with  a  slope  (velocity  dependency)  of  0,38. 
This  is  numerically  similar  to  the  pressure  dependence  data  of  Gulbransen, 
et  al.  (6).  The  equivalency  of  the  power  dependency  of  rate  on  oxygen 
pressure  and  gas  velocity  is  considered  to  be  a  significant  factor  and 
not  a  mere  coincidence.  Total  gas  pressure  at  the  surface  does  not 
increase  with  increased  velocity  in  subsonic  CG/HW  tests.  Even  at 
250  fps,  total  pressure  at  the  surface  is  still  one  atmosphere.  This 
was  proven  experimentally  by  means  of  pressure  probes  and  can  also 
be  shown  analytically.  In  fact,  with  the  30°  cone  in  a  1.5  inch  diameter 
tube,  total  pressure  may  decrease  slightly  on  the  conical  surfaces  due 
to  velocity  increases  in  the  flow  constricted  region  of  the  tube.  The 
effect  of  velocity  on  oxidation  rates,  therefore,  must  be  due  to  changes  in 
composition  of  the  boundary  layer  or  localized  atmosphere  near  the  sur¬ 
face. 

At  the  start  of  oxidation,  oxygen  is  consumed  rapidly.  The 
atmosphere  near  the  surface  is  depleted  in  oxygen  and  enriched  in  CO, 

CO?  and  N?.  This  causes  a  significant  drop  in  oxygen  partial  pressure 
and  a  drastic  reduction  in  the  rate  of  reaction  at  the  surface.  Transport 
of  oxygen  into  the  atmosphere  surrounding  the  sample  and  removal  of 
reaction  products  tends  to  increase  the  oxygen  partial  pressure  with  a 
resultant  increase  in  the  rate  of  reaction.  Eventually,  a  balance  will  be 
approached  between  the  inward  transport  of  oxygen,  the  outward  trans¬ 
port  of  CO,  CO2  and  Ng  and  the  reaction  rate  at  the  surface.  Oxygen 
partial  pressure  will  tend  to  stabilize  at  some  value  considerably  below 
that  of  normal  air.  For  example,  in  studies  of  the  oxidation  of  tungsten 
wires  at  2590°C  (4690°F)  in  slowly  moving  air  at  5  Torr  pressure,  the 
oxygen  content  of  the  air  in  a  1  cubic  foot  volume  stabilized  at  2.4 
volume  percent  (normal  21  volume  percent)  after  four  minutes  (8). 

Oxygen  partial  pressure  decreased  to  0.36  Torr  (original  3. 15  Tore). 

The  effect  of  gas  velocity  or  flow  is  to  increase  the  oxygen 
partial  pressure  by  increasing  transport  of  oxygen  to  the  atmosphere  sur¬ 
rounding  the  sample  and/ or  sweeping  away  of  reaction  products  and  inert 
gases.  It  is  reasonable  to  expect  a  linear  relationship  between  oxygen 
partial  pressure  and  velocity  over  some  finite  range  of  gas  velocities. 
Doubling  the  mass  flow  rate  doubles  the  amount  of  oxygen  brought  into 
the  system.  Hence,  it  is  not  surprising  that  the  power  dependencies  of 
rate  on  oxygen  pressure  and  gas  velocity  in  subsonic  flow  are  similar. 
There  will,  however,  be  an  upper  limit  on  gas  velocity  where  this  rela¬ 
tionship  will  not  hold  and  further  increases  in  velocity  will  not  increase 
oxygen  partial  pressure  or  rate  of  oxidation.  This  will  be  the  velocity 
at  which  the  oxygen  partial  pressure  (concentration)  at  the  surface 
approaches  that  of  normal  air.  In  the  oxidation  of  tungsten  at  5  Torr 
pressure,  this  condition  was  achieved  at  a  velocity  of  about  Mach  1. 

Further  increases  in  oxygen  pressure  now  can  only  be  achieved  by  an 
increase  in  total  pressure.  This  of  course  will  occur  during  hypersonic 
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£Ught  or  reentry.  The  incremental  preaeure  increase,  however,  will 
be  proportional  to  the  square  of  the  velocity  and  the  0.  3-0. 4  power 
dependence  of  rate  on  velocity  probably  will  not  be  found. 

The  foregoing  discussion  relates  to  the  so-called  diffusion 
or  transport  controlled  regime  of  the  oxidation  of  graphite.  Many  in¬ 
vestigators,  Including  Gulbransen,  Andrew  andBrassart  (6)  point  out 
that  the  rate  of  oxidation  in  the  region  of  low  sensitivity  ofrate  to 
temperature  (low  activation  energy)  is  controlled  by  transport  dif¬ 
fusion  of  oxygen  to  the  surface.  It  is  common  to  have  this  region  re¬ 
ferred  to  as  one  in  which  the  rate  is  not  sensitive  to  temperature.  Even 
the  current  test  data  (Figures  36  and  45)  show  a  broad  temperature 
range  for  flat- faced  samples  in  which  the  rate  of  surface  recession  did 
not  increase  with  temperature  but  did  increase  with  flow  rate.  A 
similar  behavior  was  found  for  tungsten  in  air  at  low  pressure  (  8  ). 

Here,  in  fact,  rates  actually  were  observed  to  decrease  with  increased 
temperature.  The  truth,  however,  is  that  the  rate  of  C-O2  reaction  in 
all  cases  is  increasing  with  temperature.  But  ao  the  reaction  rate  in¬ 
creases,  the  partial  pressure  of  oxygen  will  decrease  unless  the  rate 
of  oxygen  transport  to  the  surface  is  also  increased.  Under  a  given  set 
of  flow  conditions,  this  does  not  happen.  Thus,  the  so-called  diffusion 
regime  in  which  little  change  of  rate  with  temperature  is  observed  is 
characterised  by  a  decreasing  partial  pressure  of  oxygen  with  increasing 
temperature.  In  a  low  activation  energy  process  such  as  this  (3000- 
5000  cal  /mole)  the  slight  increase  in  reaction  rate  at  the  surface  due 
to  a  temperature  increase  is  easily  offset  by  a  decrease  in  oxygen 
partial  pressure. 

The  correct  picture  for  the  oxidation  of  graphite  above  800°C 
(1472°F)  is  one  of  continually  increasing  rate  with  both  temperature  and 
oxygen  pressure  according  to  the  Arrhenius  relationship: 
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From  800°  to  2065°C  (1472°-3750°F)  z  a  0.32-0.38  and  E  a  3600-4220 
based  on  results  of  Gulbransen' s  work  (6)  and  this  study  on  Speer  710 
and  RVA  graphites.  Although  the  activation  energies  observed  in  the 
present  study  are  comparable  to  those  reported  by  Gulbransen  et  al. , 

(6),  the  rates  are  much  higher  in  the  present  investigation.  Thus,  for 
Poz  s  150  torr,  at  T  a  1700°K,  Eq.  (2)  yields  a  rate  of  about  0.04  mils/ 
minute.  The  present  study  indicates  60  mils/minute  at  250  fps. 

The  tendency  for  the  data  to  show  a  plateau  at  3750°F  suggests 
that  even  in  tests  to  250  fps,  oxygen  partial  pressure  may  not  be  holding 
constant  at  high  temperatures  where  the  surface  reaction  rates  are  rapid. 
This  fact  also  is  indicated  by  results  of  HG/CW  tests  on  graphites  at 
velocities  of  300  to  500  fps.  A  summary  of  all  the  oxidation  data  for 
graphites  in  both  HG/CW  and  CG/HW  tests  is  presented  in  Figure  48 , 

The  HG/CW  data  are  from  tests  with  the  Model  500  arc  at  Avco  using 
flat-faced  specimens  (4  ),  Tests  were  conducted  at  1  atm.  pressure 
with  gas  velocities  at  330  or  500  fps. 
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At  3950°F,  the  rate  for  conical  samples  at  300  fps  would  be 
about  200  mils/min.  This  is  double  the  rate  for  the  flat-faced  speci¬ 
mens  in  HG/CW  tests  at  this  temperature  and  flow  rate.  As  shown  in 
Figures  39,40and41,  conical  samples  oxidize  at  twice  the  rate  of  flat¬ 
faced  specimens  at  all  temperatures  to  3650°F.  Thus,  the  data  for  KG/ 
CW  and  CG/HW  tests  are  consistent  and  in  near  perfect  agreement  at 
3950°F  when  the  shape  factor  is  taken  into  account.  However,  above 
3950°f,  The  HG/CW  data  show  a  stead/  increase  of  rate  with  tempera¬ 
ture  that  is  greater  than  that  observed  in  CG/HW  tests  at  lower  tempera¬ 
tures.  The  rate  data  are  linear  on  an  Arrhenius  plot,  giving  a  slope 
(activation  energy)  of  14,000  cal/mole.  This  is  more  than  three  times 
the  value  found  in  CG/HW  tests  below  3950°F.  The  data  for  three  dif¬ 
ference  grades  of  graphite  (RVA(B-5),  AXF-POCO(B-IO)  and  Pyrolytic 
Graphite  (B-6)  (A- Plane)  all  fit  the  same  curve.  The  results  indicate 
that  minor  variations  in  purity,  density,  porosity  and  general  structure 
have  little  effect  on  oxidation  rates.  However,  large  differences  in 
density  do  have  a  pronounced  effect  on  the  oxidation  rate  of  graphite  as  . . . 
illustrated  by  the  results  obtained  for  PT0l78(B-9)  and  Glassy  Carbon 
(B-ll).  The  results  obtained  for  these  materials  are  shown  in  Table  8 
and  Figure  49. 

Samples  of  PT0178(B-9)  (1.29  gms/cc)  were  machined  to 
a  30°  conical  tip  so  that  results  are  directly  comparable  to  those  from 
tests  on  the  higher  density  RVA  (1.79  gm/cc)  and  Speer  710  (1.75 
gm/cc)  materials.  The  data  are  reasonably  represented  by  a  straight 
line  on  an  Arrhenius  plot  that  parallels  the  base  line  data  for  RVA  and 
Speer  710  at  50  ft/sec.  The  activation  energy  (slope)  is  4220  cal/mole. 
The  recession  rates  for  PT0178  are  significantly  higher  than  those  for 
the  higher  density  materials.  Assuming  that  the  mass  loss  rate  (xh)  is 
the  same  for  all  materials,  the  surface  recession  rate  (5)  for  PT0178 
was  corrected  by  a  simple  ratio  of  densities.  As  shown  in  Figure  49, 
the  density  corrected  rate  data  are  in  excellent  agreement  with  data  for 
RVA  and  Speer  710.  The  studies  were  extended  to  higher  flow  rates 
(150  ft/sec)  and  a  similar  behavior  was  found.  Four  test  points  (Table  8) 
were  in  excellent  agreement  with  data  on  RVA  and  Speer  710  under  the 
same  conditions  when  corrected  for  density  differences.  It  is  concluded 
that  the  oxidation  behavior  and  mass  loss  rates  (m)  for  these  different 
grades  of  graphite  are  identical  from  2750°  at  3450°F  in  subsonic  flow 
environments.  The  surface  recession  rates  (S)  differ  by  virtue  of  dif¬ 
ferences  in  density  only.  Figures  50  and  51  show  post  exposure  photo¬ 
micrographs  of  PT0178(B-9)-L4. 

Five  samples  of  LMSC  Grade  2000  glassy  carbon  flat  face 
cylinders  were  tested  in  air  at  50  ft/  sec  to  determine  behavior  at 
temperatures  above  3150°F.  The  results  along  with  3  previous  data 
points  (contained  in  Table  7)  are  shown  in  Figure  49.  At  temperatures 
below  3250°F,  a  strong  temperature  dependency  of  rate  is  indicated. 

The  slope  of  the  best  fit  straight  line  indicates  an  activation  energy  of 
40,  500  cal/mol.  Above  3250°F,  a  definite  change  in  slope  is  indicated 
and  the  data  can  be  reasonably  represented  by  a  line  of  slope  4220. 
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The  date  on  glassy  carbon  were  corrected  for  both  shape  and  density.  The 
rates  were  doubled  to  convert  flat  face  data  to  conical  tip  data  and  then 
were  divided  by  1.23  to  correct  for  the  density.  As  shown  in  Figure  49 
the  corrected  data  are  in  almost  perfect  agreement  with  the  RVA  base  line 
data  from  3250°  to  3550°F.  Figures  52  and  53  show  post  exposure  photo¬ 
micrographs  of  Test  Glassy  Carbon  (B- 11) -2000-3  at  3550°F. 

At  higher  temperatures*  a  major  structural  change  does  not 
appear  to  influence  the  oxidation  of  carbon.  Graphite  and  glassy  carbon 
have  widely  different  structures  but  show  the  same  mass  rate  loss  (m) 
above  3250°F.  The  transition  to  a  high  elope  region  with  glassy  carbon 
below  3250°F  may  be  similar  to  the  transition  observed  for  normal 
graphites  below  1500°F.  At  low  temperatures*  COg  is  the  principal 
reaction  product  and  the  activation  energy  is  in  the  range  of  39,000- 
40, 000  cal.  Above  1472°F*  both  CO  and  COg  form  and  the  activation 
energy  is  low,  3500-5000  cal.  It  may  be  that  glassy  carbon  undergoes 
this  same  transition  in  behavior  but  at  a  much  higher  temperature 
(3250°F).  This  is  not  unreasonable  in  view  of  the  nature  of  the  bonds  and 
structure  of  glassy  carbon  compared  with  normal  graphite,  The  two 
materials  appear  to  have  identical  behavior  over  a  shifted  temperature 
range.  In  temperature-pressure  regions  where  the  same  rate  lawB  are 
followed,  glassy  carbon  will  recede  faster  than  RVA  or  equivalent  graphites 
due  to  its  lower  density.  It  is  interesting  to  speculate  whether  the  shift  in 
behavior  to  a  high  activation  energy  <14*000-20*000  cal)  observed  at  about 
4000°F  for  high  density  graphites  will  be  similarly  shifted  to  still  higher 
temperatures  for  glassy  carbon.  If  this  is  the  case,  glassy  carbon  should 
exhibit  lower  recession  rates  than  other  graphites  above  4000  F. 

Films  of  arc  plasma  tests  of  2000  grade  glassy  carbon  in  the 
Avco  Model  500  (4)  arc  suggested  that  surface  melting  occurred  on  one 
sample  tested  at  the  highest  level  of  heat  flux  in  air  at  one  atmosphere 
pressure.  The  carbon  phase  diagram  shows  the  triple  point  of  graphite 
to  be  100  atm,  and  402O°K  (3747®C,  6777°F)  (  9  ).  Tests  with  glassy 
carbon  at  a  pressure  of  110  atm  showed  that  melting  occurs  the  same  as 
with  graphite  (10).  After  solidification,  the  material  was  found  to  have  the 
hexagonal  structure  of  graphite.  The  unmelted  material  remained  as 
glassy  carbon,  even  after  heating  very  close  to  the  melting  point. 

Samples  of  glassy  carbon  (2000  grade)  were  heated  in,  an 
arc  furnace  under  helium  at  a  pressure  of  1  atm  to  determine  if  this 
material  can  be  melted  at  pressures  below  the  triple  point  <100  atm)  for 
normal  graphite.  In  the  first  series  of  tests,  a  water  cooled  tungsten 
electrode  was  used  to  establish  the  arc.  The  surface  of  glassy  carbon 
was  readily  melted.  However,  metallographic  examination  revealed  that 
melting  resulted  from  the  formation  of  a  W/WC  eutectic  on  the  surface 
by  transfer  of  tungsten  from  the  electrode.  A  zone  of  very  fine  grained 
equiaxed  graphite  crystals  was  formed  beneath  the  eutectic  layer.  The 
sone  graded  off  into  the  glassy  carbon  matrix.  No  trace  of  W  or  WC  was 
found  in  this  region  and  the  general  appearance  suggested  that  melting  of 
the  glassy  carbon  had  occurred  in  this  region.  A  second  series  of  tests 
was  conducted  using  a  water  cooled  graphite  (Speer  710)  electrode  to 
prevent  surface  melting  by  contaminants.  A  thin  layer  of  pyrolytic 
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graphite  was  deposited  on  the  surface.  Below  this  layer,  a  zone  of  very 
fine  grain  equiaxed  crystals  of  graphite  similar  to  that  found  in  tests  with 
the  tungsten  arc  was  found.  Again,  this  layer  had  the  appearance  of  a 
molten  zone.  Melting  in  this  case,  however,  was  found  to  be  the  result 
of  formation  of  a  carbon-titanium  carbide  eutectic.  Contamination  by 
titanium  occurred  from  melting  on  a  water-cooled  copper  hearth  pre¬ 
viously  used  for  melting  titanium  alloys.  Electron  probe  studies  showed 
that  only  trace  amounts  of  the  metallic  impurities  were  needed  to  cause 
localized  surface  melting  and  graphitization.  The  metallic  elements 
appear  to  diffuse  rapidly  into  the  glassy  carbon  structure. 

Tests  were  conducted  in  a  clean  system  using  direct  resist¬ 
ance  heating  of  glassy  carbon  rods.  The  rods  were  heated  to  temperatures 
at  which  large  amounts  of  carbon  vapor  were  evolved.  No  evidence  of 
localized  melting  or  graphitization  was  found.  At  one  atmosphere  (helium) 
the  glassy  carbon  structure  was  retained  right  to  the  vaporisation  tempera¬ 
ture.  Extensive  fine  porosity  was  developed  in  a  uniform  pattern  from  sur¬ 
face  to  center  of  the  rods.  This  condition  appeared  to  be  caused  by  a 
condensation  of  vacancies  during  heating.  Extensive  plastic  deformation 
of  the  rods  also  occurred  at  high  temperature. 

It  is  concluded  that  glassy  carbon  does  not  melt  at  low  pres¬ 
sure.  The  apparent  surface  melting  observed  in  plasma  tests  with  the 
Model  500  arc  most  likely  was  the  result  of  surface  contamination  with 
an  element  that  caused  eutectic  melting.  It  is  believed  that  tungsten  con¬ 
tamination  from  the  stinger  may  have  caused  this  behavior. 

The  linearity  of  the  HC/CW  data  shown  in  Figure  48  (4)  with 
respect  to  temperature  on  an  Arrhenius  plot  and  the  high  value  ofactiva- 
tion  energy  indicate  that  the  gas  velocity  in  these  tests  (300-500  fps)  was 
sufficiently  high  to  maintain  a  constant  Partial  pressure  of  oxygen  near 
the  surface  at  temperatures  from  4000”  to  6000°F,  The  results  tend  to 
confirm  the  indications  from  GG/HW  tests  that  the  temperature  sensi¬ 
tivity  of  rate  (activation  energy)  is  higher  above  3750°F.  This  suggests 
that  a  change  in  the  surface  reaction  occurs  at  or  near  this  temperature. 

Gulbransen,  et  al.  (6)  found  a  sharp  decrease  in  activation 
energy  above  725°C  ( 1337°F) .  This  coincides  with  a  change  in  reaction 
products.  Below  800°C  (1472°F),  COo  is  the  principal  reaction  product. 

At  800<>C  (1472°F),  the  ratio  of  COa  to  CO  was  found  to  be  115  to  1  (6). 

Above  800°C  both  CO  and  COg  are  formed.  With  increasing  temperature, 
the  rate  of  CO  formation  increases  while  that  of  CO2  formation  decreases. 
Hence,  the  ratio  of  CO2  to  CO  decreases  with  increasing  temperature,  At 
1400°C  (2552°F),  the  ratio  was  found  to  be  0.73  to  1  (6).  A  change  in 
activation  energy  will  occur  with  a  process  shift  of  thfi  type.  A  low  ap¬ 
parent  activation  energy  often  characterizes  a  duplex  process  where  the 
rate  of  formation  of  one  product  (CO2)  decreases  with  temperature  while 
the  rate  of  a  second  product  (CO)  increases.  The  total  rate  of  oxidation 
is  the  sum  of  the  two  and  will  show  a  low  apparent  temperature  dependency. 
At  still  higher  temperatures,  the  formation  of  CO  will  be  predominant  and 
an  increased  temperature  sensitivity  (activation  energy)  may  be  observed. 
This  may  very  well  be  the  case  for  oxidation  above  4000°F  where  plasma 
arc  tests  indicate  an  activation  energy  of  14,000  cal/mole. 
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Opinion  is  divided  on  whether  the  oxidation  o£  graphite  is 
controlled  by  diffusion  processes  in  the  gas  phase  or  by  phase  boundary 
processes  at  the  surface.  Those  favoring  the  first  view  cite  flow  sen¬ 
sitivity  and  temperature  Insensitivity  of  rates  at  high  temperature  to 
support  this  theory.  The  foregoing  discussion,  however,  tends  to  sup¬ 
port  the  second  point  of  view  (Phase  Boundary  Control).  A  detailed 
theoretical  treatment  of  the  subject  which  also  supports  this  point  of 
view  has  been  given  by  Ong  (H) .  It  is  postulated  that  the  rate  of  oxida¬ 
tion  at  a  constant  partial  pressure  of  oxygen  is  governed  by  surface 
reactions  and  hence  by  temperature  up  to  at  least  6000°F .  Three  re¬ 
gimes  are  indicated:  (1)  a  low  temperature  region  where  COg  is  the 
primary  product  and  the  activation  energy  is  high  (40,000  cal/mole), 

(2)  a  moderate  temperature  region  in  which  both  CO  and  CO*  are  formed 
and  the  activation  energy  is  low  (3000-5000  cal/mole),  and  (3)  a  high 
temperature  region  in  which  CO  is  the  primary  product  and  the  acti¬ 
vation  energy  is  intermediate  (10,000-15,000  cal/mole).  In  the 
second  region,  rates  at  any  temperature  will  vary  with  oxygen  pres¬ 
sure  to  the  0.  3-0.4  power.  The  extent  of  each  region  and  the  transi¬ 
tion  from  one  region  to  the  next  will  depend  on  oxygen  partial  pressure 
(and  perhaps  total  pressure). 

The  data  in  Figure  48  show  that  pyrolytic  graphite  in  an 
A-plane  orientation  oxidises  the  same  as  other  grades  of  polycrystalline 
high  density  graphite.  This  supports  the  findings  of  Gulbransen,  Andrew 
and  Brassart  (12)  who  demonstrated  that  pyrolytic  graphite  had  the  same 
activation  energy  and  pressure  dependence  for  oxidation  as  spectrographic 
carbon  in  the  800°- 1500°C  range.  In  the  C-orientation,  however,  pyrolytic 
graphite  has  a  significantly  lower  rate  of  oxidation  at  all  temperatures  and 
a  slightly  higher  activation  energy  (20,  000  cal/mole)  compared  with  the 
A-direction  behavior.  Since  transport  should  be  the  same  in  these  tests, 
the  differences  in  behavior  must  be  due  to  changes  in  chemical  reactions 
at  the  surface.  This  lends  further  support  to  arguments  that  the  oxidation 
of  graphite  is  a  phase  boundary  controlled  process. 

The  behavior  of  graphite  is  strikingly  similar  to  that  found 
for  the  oxidation  of  tungsten  at  temperatures  and  pressures  where  vola¬ 
tile  oxides  are  formed.  The  so-called  transport  or  diffusion  controlled 
oxidation  regime  of  graphite  results  from  a  decrease  in  oxygen  partial 
pressure  at  the  surface  with  increased  temperature.  It  is  a  character¬ 
istic  of  a  given  system  and  not  of  the  oxidation  behavior  of  the  material. 
Increasing  gas  velocity  Increases  the  oxygen  partial  pressure  at  the  sur¬ 
face,  thereby  " restoring"  the  temperature  dependency  of  rate.  The 
contribution  of  boundary  layer  theory  to  rate  prediction  should  be  one 
of  clearly  defining  surface  temperatures  and  oxygen  partial  pressures. 
However,  unless  accurate  data  on  activation  energies  and  pressure 
dependencies  are  available,  reliable  predictions  of  recession  rates 
cannot  be  made.  With  a  more  accurate  determination  of  activation 
energise  and  pressure  dependencies,  equations  can  be  derived  to  accurate¬ 
ly  predict  the  surface  receesion  over  a  broad  range  of  temperatures  and 
pressures. 
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E.  Oxidation,  of  Siliconized  RVC  Graphite  Si/RYC  (B-8) 

The  result*  of  test*  with  siliconized  RVC  graphite  are  sum¬ 
marized  in  Table  9.  The  sample*  were  exposed  to  temperatures  of 
2900°,  3000°  and  3100°F  for  60  minutes  at  velocities  of  <  10,  50  and 
150  ft/ sec.  After  test,  the  top  surface  was  examined  for  signs  of 
coating  failure.  As  shown  in  Figures  54  and  55,failures  were  not  observed 
in  1  hour  at  2900°F.  At  3000°F,  one  out  of  three  samples  had  random 
failures  on  the  top  surface  and  all  samples  had  sidewall  failures  where 
the  temperature  was  somewhat  higher.  Complete  failure  was  observed 
in  15  minutes  at  a  temperature  of  3100°F.  The  temperature  for  a  1 
hour  life  in  subsonic  flow  appears  to  be  about  3000°F.  This  is  in  good 
agreement  with  a  value  of  3060°F  established  by  furnace  tests  (3). 

In  the  subsonic  flow  tests,  the  one  sample  that  failed  at 
3000°F  was  tested  at  the  highest  velocity  (150  ft/ sec).  There  may  be  a 
slight  reduction  in  coating  performance  with  increased  gas  velocity. 
However,  test  results  are  by  no  means  conclusive.  All  samples  were 
observed  to  form  blisters  above  2900°F,  indicating  the  existence  of  a 
low  viscosity  oxide  film  (fluid  silica).  No  significant  differences  in 
appearance  were  noted  at  the  various  temperatures  and  gas  velocities. 

F.  Oxidation  of  Hypereutectic  Carbides  HfC+C(C-ll)  and 

ZrC-EClC-lZV** - 1 - 1 - 

The  test  data  for  CG/HW  tests  of  hypereutectic  carbides  are 
given  in  Table  10  and  results  are  summarized  in  Figures  56  and  57. 

Temperature  and  velocity  appear  to  have  little  effect  on  the 
surface  recession  behavior  of  hypereutectic  carbides.  As  shown  in 
Figure  56,  rates  were  not  consistently  increased  as  temperature  in¬ 
creased  from  3400°  to  3600°F  and  flow  rate  increased  from  10  to  150 
ft/ sec.  Most  of  the  variation  appears  to  be  scatter  in  test  results. 

As  shown  below,  the  surface  recession  data  at  3400°7  at  all  flow  rates 
are  in  good  agreement  with  results  of  furnace  tests  in  slowly  moving 
air.  The  relative  insensitivity  of  rate  to  temperature  also  is  in  agree¬ 
ment  with  results  found  in  furnace  tests  (3). 

Surface  Recession  in  30  Min. 


CG/HW  Test* 


Material 

Temperature 

Furnace  Test 
<  10  ft/ sec 

10  ft/ sec 

50  ft/ sec 

150  ft/sec 

(°F) 

(mil) 

(mil) 

(mil) 

(mil) 

HfC+C(C-U) 

3400 

30-50 

43 

55 

53 

ZrC+C(C-12) 

3400 

50-80 

53 

79 

61 

1.  ZrC+C(C-12) 

Samples  were  exposed  at  3400°,  3600°  and  3800°F  to  air 
at  <  10,  50  and  150  ft/  sec.  Brightness  temperatures  were  difficult  to 
measure  due  to  extreme  color  variations  on  the  surface.  This  is  reflected 
in  the  low  values  of  omittance  calculated  from  tests  data  (Tables  2  and  10). 
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Values  ranged  from  0,05  to  0. 18  and  are  not  considered  valid  measurements. 
All  samples  had  a  crazed  surface  appearance  with  acicular  particles,  pre¬ 
sumably  graphite,  protruding  out  through  the  scale.  Typical  structures  are 
similar  to  those  for  HfC+C  as  shown  in  Figure  57A.  The  oxide  scale  devel¬ 
oped  over  most  of  the  surface  was  cream  colored.  Around  the  protrusions, 
the  scale  had  rust  or  brown  color.  No  other  significant  features  were  ob¬ 
served  during  testing.  Tests  were  terminated  short  of  30  minutes  when  it 
was  not  possible  to  hold  surface  temperatures  constant  due  to  excessive 
temperature  gradients  in  the  oxide  scales.  Figures  58  and  59  show  typical 
post  exposure  photomicrographs  of  ZrC+C(C-12) 

2.  HfC+C(C-ll) 

The  behavior  and  sample  appearanch  of  this  material  was 
very  similar  to  that  of  ZrC+C.  In  four  samples,  however,  a  very  marked 
difference  in  appearance  was  observed.  These  samples  developed  a  smooth 
oxide  surface  of  a  uniform  cream  color.  As  shown  in  Figure  57B,  the  aci¬ 
cular  protrusions  were  absent.  All  four  samples  were  from  the  same  billet, 
#1422A  (see  Table  8  of  Reference  ^).  This  billet  had  the  highest  density 
(9.32  gm/cc)  and  the  lowest  carbon  content  (13.  60%)  of  all  the  HfC+C  billets. 
The  sample  shown  in  Figure  57A  is  from  billet  #1416B,  with  a  carbon  con¬ 
tent  of  14.25%  and  a  density  of  9. 1  gm/cc.  The  marked  difference  in  be¬ 
havior  is  most  likely  due  to  the  variation  in  carbon  content.  It  is  possible 
in  this  case  to  assess  the  contribution,  if  any,  that  excess  carbon  and 
acicular  particles  in  the  scale  make  to  oxidation  behavior.  Although  re¬ 
sults  are  not  conclusive,  the  low  carbon  material  appears  to  have  a  lower 
recession  rate  than  the  high  carbon  material  at  equivalent  temperatures  (Table 
10).  Variations  in  flow  rate,  however,  preclude  a  clear  analysis  of  be¬ 
havior.  Accelerated  attack  at  low  temperatures  is  indicated  by  the  bulge  at 
the  base  of  the  low  carbon  sample  (Figure  57B).  Figures  60  and  61  show 
typical  post  exposure  photographs  of  HfC+C(C-ll). 

G.  Oxidation  of  KT-SiC(E-14) 


Four  samples  of  KT-SiC  were  tested  in  high  velocity  air  using 
top  surface  temperature  control.  The  first  test  (59-1)  was  conducted  in 
air  at  50  fps  with  the  top  surface  at  3960°F.  A  thick  puffy  oxide  scale 
developed  immediately  and  the  top  surface  appeared  to  cool  due  to  a 
separation  and/or  an  insulating  effect.  Surface  temperature  could  not 
be  maintained;  at  1.9  minutes  it  had  dropped  to  3560°F  at  full  power. 

The  substrate  temperature  probably  was  well  above  4000°F.  The  top 
surface  was  heavily  eroded  and  dished,  and  the  side  wall  also  was 
heavily  attacked.  The  remaining  tests  were  run  at  lower  temperatures. 
Heavy  attack  of  the  side  wall  was  alao  noted  in  tests  at  3660°F  (  in  2 
minutes)  and  3450°if  (in  27  minutes).  Since  the  side  wall  tends  to  run 
at  least  50°  to  150°F  hotter  than  thu  top  surface,  very  rapid  oxidation 
of  this  material  appears  to  occur  above  3500°F.  This  is  in  reasonably 
good  agreement  with  results  of  furnace  tests  and  HG/CW  tests.  At  a  test 
temperature  of  3360°F,  the  top  surface  was  only  lightly  attacked  and  side 
wall  erosion  was  moderate  in  30  minutes.  One  of  the  four  samples  tested 
had  a  thermal  shock  failure  (Run  67-1), 


The  tested  samples  were  cross-seetf«m»H  a«u*  the  surface 
recession  was  measured.  The  results  of  the  two  30  minute  tests  are 
shown  below  along  with  corresponding  data  from  furnace  tests  (3). 
Post  exposure  photomicrographs  of  these  tests  are  shown  in  Figures 
62  and  63. 


CG/HW 

Measured  Depth 
of  Conversion 


Sample 

No. 

Surface 

Temperature 

Time 

High  Velocity 

Furnace 

°F 

min 

mils 

mils 

E-14-L4 

3360 

30 

NIL 

(67-1) 

3350 

30 

1-3 

E-14-L1 

3450 

27 

15 

(59-2) 

3450 

30 

6-13 

The  results  are  in  reasonable  good  agreement  and  indicate  that  the  reces¬ 
sion  of  KT-SiC  's  governed  by  surface  temperature  and  these  rates  are 
not  significantly  influenced  by  velocity  in  the  subsonic  range. 

H.  (bcidation  of  Graphite  Composites  JT0992(F-15)  and  JT0981 

The  oxidation  behavior  of  graphites  modified  with  HfC-SiC-C 
{JT0992)(F-15)  and  ZrC-SiC-C(JT0981)(F-16)  was  evaluated  in  CG/HW 
tests  and  the  data  are  presented  in  Table  12  and  Figures  64-71.  The  sur- 
face  recession  behavior  is  summarized  in  Figure  64.  The  data  have  been 
normalized  to  30  minute  exposure  using  a  parabolic  rate  law  to  extrapolate 
short  run  data. 

As  shown  in  Figure  64,  JT0992  samples  have  less  total  surface 
recession  in  30  minutes  than  JT0981  at  all  temperatures  from  2800°  to  3800°F 
A  dependency  of  rate  on  gas  velocity  is  indicated  for  both  materials  at  the 
higher  temperatures.  The  effect  is  very  pronounced  for  JT0981,  The  re¬ 
sults  of  these  tests  are  compared  with  furnace  test  data  below.  Significantly 
higher  rates  are  indicated  for  the  high  velocity  GG/HW  tests  for  both 
materials  at  3000°  and  3S00°F.  JT0992  also  was  found  to  have  significantly 
higher  rates  in  Mach  0.3  plasma  arc  tests  (4),  Both  materials  appear  to 
oxidize  at  higher  rates  in  high  velocity  air. 


Surface  Recession  in  30  Minutes 

Material 

Temperature 

Furnace  Test 

CG/HW  Test 

(°F) 

(mil) 

(mil) 

JT0981 

3000 

2-4 

13-16 

3500 

20-40 

>30 

JT0992 

3000 

1-2 

2 

3500 

15-30 

30-40 

Detailed  comments  on  the  oxidation  behavior  of  each  of  these 
materials  follows. 
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1. 


JT0992  (F-15) 


No  difficulties  were  encountered  in  testing  this  material 
at  temperatures  to  3400°F  in  air  at  velocities  of  50  and  150  ft/  sec.  Top 
surface  control  of  temperature  was  used  in  all  tests.  A  steady  increase  in 
power  was  required  throughout  the  test  to  hold  the  surface  temperature 
constant.  Above  3400°F»  full  power  was  required  to  hold  temperature 
tifter  the  first  few  minutes  and  it  was  necessary  to  stop  short  of  30  min¬ 
utes  exposure  due  to  the  inability  to  maintain  the  desired  temperature. 

All  samples  developed  a  thick  oxide  scale,  light  grey  to 
white  in  color,  on  the  top  surface  and  upper  sidewalU.  At  3400  -3800°F, 
the  scale  was  duplex  in  nature.  One  phase  was  a  clear  glassy  silica  or 
silicate  that  was  continuous  over  the  surface  and  appeared  to  have  been 
liquid  during  the  test.  The  second  phase  was  a  milky  grey-white  oxide  with 
a  rough  texture.  This  most  likely  is  a  hafnium-rich  oxide  or  silicate.  The 
oxide  tended  to  spall  on  cooling  and  the  recession  of  the  underlying  substrate 
appeared  to  be  minimal.  No  significant  effect  of  velocity  was  indicated  from 
surface  appearance  after  testing. 

Accelerated  oxidation  at  low  temperatures  and  a  destruc¬ 
tive  pest-type  of  oxidation  was  observed  in  the  lower  portions  of  all  speci¬ 
mens.  As  shown  in  Figure  65A,  a  powdery  voluminous  oxide  was  formed  as 
a  skirt  on  the  base  of  all  test  samples.  A  sharp  line  of  demarcation  between 
pest  and  protective  behavior  is  evident.  With  the  top  surface  at  2600°F,  the 
lower  half  of  the  specimen  was  subjected  to  accelerated  attack.  The  oxida¬ 
tion  products  were  very  bulky  and  occupied  a  much  larger  volume  than  the 
material  being  oxidized.  The  oxidation  product  was  light  grey  in  color  and 
very  powdery.  Large  chunks  fell  away  on  handling.  The  underlying  sub¬ 
strate  also  was  very  soft  and  powdery.  It  appeared  to  have  been  subjected 
to  an  interparticle  attack. 

The  behavior  is  a  pest- type  of  oxidation  in  the  classic 
sense.  It  is  a  low  temperature  form  of  accelerated  oxidation  that  occurs 
by  an  intergranular  or  interparticle  attack.  The  attack  is  most  severe  at 
temperatures  below  2600°F.  The  hourglass  shape  of  the  residual  sub¬ 
strate  (Figure  66A)  indicates  abroad  temperature  range  for  this  type  of 
attack  with  a  sharp  well  defined  temperature  fo-  the  peak  rate.  The  attack 
appears  to  become  pronounced  at  about  2400°F  and  is  most  severe  at  1800°- 
2000°F. 


An  attempt  was  made  to  determine  this  temperature  by 
conducting  tests  with  the  top  surface  at  lower  temperatures.  As  shown  in 
Figure  67,  a  rapid  pest  attack  occurred  on  the  top  surface  at  a  tempera¬ 
ture  of  2000°F,  At  a  temperature  of  2200°F,  the  top  still  exhibited  a  non- 
protective  type  of  behavior  but  the  rate  appeared  to  be  lower  than  that  at 
2000°F.  The  maximum  rate  attack  occurs  below  2000°F  as  shown  by  the 
accelerated  attack  at  the  cooler  base  of  the  2000°F  test  sample  (Figure  67). 
At  2600°F  and  above,  this  material  forms  a  protective  oxide.  The  active 
to  passive  transition  probably  is  governed  by  the  softening  or  flow  point  of 
an  S102-base  glass  by  oxidation.  The  behavior  is  similar  in  many  respects 
to  that  found  for  a  SiO2+60W  composite.  At  temperatures  below  this  range, 
the  oxides  formed  cannot  effectively  heal  the  surface  and  the  graphite  phase 
is  selectively  attacked. 
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The  severity  of  this  attack  is  indicated  in  Figure  66A. 
After  30  minutes,  the  substrate  has  been  totally  consumed  about  1/4-inch 
above  the  base.  Temperature  was  estimated  to  be  about  ZOOO°F  at  this 
point.  The  side  wall  thickness  was  125  mil,  and  the  recession  rate, 
therefore,  was  about  4  mil/min.  Furnace  tests  of  JT0992(F-15)  gave  a 
recession  rate  of  2  mil/hr  at  3000°F.  The  maximum  rate  (at  about  2000°F) 
is  indicated  to  be  at  least  120  times  the  rate  at  3000°F.  No  thermal  shock 
failures  were  encountered  in  any  of  the  tests  with  JT0992(F-15).  Figures 
68  and  69  show  typical  post  exposure  photomicrographs  of  this  material. 

2.  JT0981  (F-16) 

The  behavior  of  this  material  is  similar  in  most  respects 
to  that  of  JT0992.  As  shown  in  Figures  65  and  66,  a  low  temperature  pest 
type  of  accelerated  attack  was  observed.  At  temperatures  of  2800°F  and 
above,  a  viscous  silica  or  silicate  phase  was  formed  and  the  substrate  was 
protected  to  a  large  degree.  Below  2800°F,  the  liquid  phase  did  not  form 
and  a  rapid  degradation  occurred.  The  temperature  range  for  the  pest 
attack  is  about  the  same  as  that  observed  for  JT0992  (1800°-2400°F). 

A  significant  effect  of  velocity  was  noted  in  testing  JT0981 
above  3200°F.  At  2800°F  and  above,  a  large  bulk  of  liquid  oxide  was 
formed.  As  shown  in  Figure  66B,  large  bubbles  and  blisters  were  formed 
on  the  surface.  The  samples  appeared  to  sweat  from  local  regions  and 
the  surface  was  continually  active  during  a  test.  Increasing  the  velocity 
to  150  ft/ sec  appeared  to  have  little  effect  on  the  surface  at  temperatures 
to  3200°F,  However,  at  3400°F  the  oxide  became  sufficiently  fluid  to  re¬ 
sult  in  a  noticeable  washing  effect  at  150  ft/ sec.  As  shown  in  Figure  65B, 
liquid  streams  of  oxide  were  pushed  off  the  top  surface  and  protruded  from 
the  surface.  This  effect  was  not  observed  at  a  flow  rate  of  50  ft/  sec. 
Figures  70  and  71  show  typical  post  exposure  photomicrographs  of  this 
material. 


This  effect  of  flow  on  liquid  oxides  was  not  observed  with 
JT0992(F-15).  It  probably  results  from  the  higher  silicon  content  of  JT0981 
(17%  vs.  11%  of  JT0992),  and  a  low  zirconium  content  (30%  Zr  vs,  54%  Hf 
for  JT0992). 


No  thermal  shock  failures  were  encountered  in  any  of  the 
tests  with  JT0981(F-16). 

I.  Oxidation  of  WSfr/W  (Q-18) 

The  results  obtained  for  WSi2/W(G-18)  are  summarised  in 
Table  13.  It  is  significant  to  note  that  eutectic  melting  of  the  WSi?  coat¬ 
ing  on  tungsten  was  observed  at  3680°F,Test  (30-1)  but  not  at  3600t>F, 

Test  (29-1).  The  phase  diagram  indicates  eutectic  melting  between  WSi2 
and  WgSi3  at  3650°F,  The  WSig  coating  contains  WgSlj  as  an  intermediate 
phaso  produced  by  interdiffusion  with  the  substrate.  The  observation  of 
melting  at  3680UF  provides  a  good  check  on  the  accuracy  of  temperature 
measurement,  using  the  Milletron  two-color  pyrometer. 
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Melting  in  a  3  / 1 6  men  wide  band  on  the  sidewall  about  1/16  inch  below  the 
top  surface  was  most  pronounced,  indicating  a  slightly  higher  temperature 
in  this  zone.  The  top  surface  appeared  slightly  wrinkled,  indicating  partial 
or  incipient  melting.  The  observed  behavior  shows  that  the  indicated  top 
surface  temperature  may  be  50°  to  75°F  above  the  true  value.  This  is  about 
a  2  percent  error  which  is  considered  exceptionally  good  in  this  temperature 
range.  The  test  was  aborted  at  35  minutes  due  to  a  short  between  turns  in 
the  induction  coil,  A  large  pit  was  observed  in  the  tungsten  on  the  sidewall 
where  melting  of  the  coating  was  observed.  No  failures  were  evident  on 
the  top  surface. 

In  many  of  the  tests,  the  top  surface  temperature  was  measured 
with  both  a  two  color  and  a  one  color  pyrometer.  The  two  temperature  read¬ 
ings  were  used  to  calculate  an  approximate  value  of  the  normal  spectral  emit- 
tance.  Results  are  presented  in  Table  13. 

No  failures  in  1  hour  tests  were  observed  at  temperatures  to 
3600°F  with  50  fps  flow  rate.  The  samples  were  covered  with  a  thick  clear 
glassy  coating  of  SiOj>  which  is  a  viscous  liquid  at  temperatures  above 
loOO^F.  The  liquid  glass  effectively  heals  large  defects.  It  completely 
filled  the  blackbody  (BB)  hole  in  one  test  where  the  BB  hole  was  In  the  top 
surface.  An  edge  failure  did  occur  at  the  BB  hole  due  to  large  defects. 
Emittance  of  the  coating  appears  to  decrease  with  increasing  temperature 
from  0.43  at  3400°F  to  0.35  at  3680°F.  This  may  be  due  to  increasedposi- 
tive  error  in  true  temperature  measurement  (two  color  pyrometer)  with  in¬ 
creased  temperature.  For  example,  if  the  true  temperature  at  an  indicated 
value  of  3680”F  was  3580°Fthen,  calculated  emittance  wouldbe  0.46  insteadof 
0. 35.  As  mentioned,  the  reading  may  be  50°  to  75°F  high  based  on  observed 
melting  behavior.  The  estimated  emittance  values  are  low  for  a  silicide 
system.  Values  normally  range  from  0. 6  to  0. 7  at  2550°  to  3000°F.  The 
reason  for  this  difference  is  not  clear.  However,  it  does  not  appear  to  be 
due  to  errors  in  temperature  measurement.  The  calculated  values  shown 
in  Table  13  were  stable  throughout  a  1  hour  test  at  all  temperatures. 

Increasing  the  alp  flow  rate  from  50  to  150  fps  had  no  measur¬ 
able  effect  on  performance  at  high  temperature.  The  coating  is  protective 
for  over  1  hour  at  3500°F  at  the  two  flow  rates.  Failure  in  less  than  1 
hour  occurs  at  3650°F  by  eutectic  melting  of  the  coating  system.  However, 
contact  of  the  coating  with  ZrC>2  can  lead  to  failure  at  temperatures  as  low 
as  3400°F  as  indicated  by  Tests  (24-1)  and  (25-1).  These  results  explain 
the  temperature  limit  of  3500°F  observed  in  furnace  test  (3)  when  WS^/W 
(G-18)  is  in  contact  with  ZrOg. 

Figures  72  and  73  show  post  exposure  photomicrographs  of 
WSi2/W(G-18)-40-l.  The  latter  figure  illustrates  the  WsSi3  zone  men¬ 
tioned  above.  In  this  case,  reference  to  Figure  73  and  Table  13  indicates 
that  the  WsSi*  zone  is  3.9  mils  wide  after  exposure  at  3500°F.for  one  hour. 
Zone  widths  for  all  of  the  exposures  are  given  in  Table  13  and  plotted  in 
Figure  74.  The  widths  observed  in  exposures  which  were  less  than  one 
hour  long  were  corrected  by  assuming  parabolic  kinetics  due  to  diffusion 
control.  This  behavior  has  been  established  by  Bartlett  and  Gage  (13)  and 
by  Perkins  and  Packer  (14). 
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Reference  to  Figure  74  shows  that  although  most  of  the  results 
generated  in  the  present  study  (3,  4)  are  in  general  agreement  with  the 
earlier  findings  ( 13,  14),  eome "differences  do  exist.  In  particular,  the 
aw  pl=»«ma  tests  IE  tEFAvco  Mold  3GC  facility  under  hu/OW  conditions 
at  surface  temperatures  below  3000°F  resulted  in  low  values  of  the  WcSij 
zone  width.  At  higher  temperatures,  flow  rate  and  oxygen  pressure  do 
not  appear  to  affect  the  growth  rate.  In  addition,  the  results  obtained  in 
furnace  air  oxidation  tests  at  1. 8  ft/ sec  and  one  atmosphere  led  to  the 
largest  zone  widths,  while  exposures  in  argon  resulted  in  smaller  zone 
widths.  It  is  conceivable  that  temperature  gradients  play  a  role  in  con- 
trolling  this  behavior.  However,  the  manner  in  which  this  factor  affects 
the  results  is  not  apparent  at  present.  It  should  be  noted  that  testa  per¬ 
formed  at  one  atmosphere  in  air  and  under  conditions  of  reduced  oxygen 
pressure,  as  well  as  in  a  vacuum  at  Lockheed  Missile/Space  Company 
showed  no  dependence  of  the  MosS^  zone  width  on  oxygen  pressure  (IS). 
Thus,  the  present  results  are  at  variance  with  earlier  findings,  and  no 
explanation  of  the  current  findings  can  be  offered  at  present. 

J.  Oxidation  of  Sn-  Al/Ta-10W(G -19) 

The  results  obtained  for  Sn-A//Ta~10W(G-19)  are  shown  in 
Table  14.  Initial  tests  were  inconclusive  due  to  severe  reaction  with  the 
Zr02  support.  The  samples  were  stable  in  contact  with  water-cooled 
copper  (Test  27-1).  A  rapid  rise  in  temperature  occurs  on  failure  of  the 
coating.  A  liquid  layer  of  oxide  forms  over  the  surface  and  temperature 
climbs  rapidly.  This  is  belived  to  be  the  result  of  heat  liberated  by  rapid 
oxidation  of  the  tantalum -tungsten  substrate.  Tests  were  terminated  at 
the  first  sign  of  failure  to  prevent  complete  destruction  of  the  remaining 
coating  material. 

Increasing  the  flow  rate  from  50  to  150  fps  had  no  measur¬ 
able  effect  on  coating  performance.  The  coating  is  protective  for  over 
1  hour  at  3000°F  for  both  flow  rates.  General  thinning  of  the  coating  on 
the  flow-exposed  upper  portions  of  the  samples  was  noted,  however,  at 
both  flow  rates.  The  coating  failed  in  15  to  30  minutes  at  temperatures 
of  3200°F  and  higher  in  air  at  50  fps.  Performance  was  not  as  good  as 
W/WSio(G-18).  Figures  75  and  76  show  examples  of  survival  at  3000°F 
and  failure  at  330O°F.  The  results  of  the  tests  summarized  in  Table  14 
are  in  general  accord  with  the  furnace  tests  (3j  which  indicate  a  failure 
temperature  of  3200°F,  These  results  at  one"* atmosphere  are  in  general 
agreement  with  those  .obtained  by  Perkins  and  Packer  ( 14)  at  pressures 
between  10"“  and  IQ'1  atm.  "~” 

K.  Oxidation  of  StO2+60w/oW(H-23)  Composite 

As  indicated  in  Section  Q-B-4,  tho  SiOf60W  composite  ex¬ 
hibits  a  pest  type  oxidation  behavior  at  low  temperatures.  Six  samples 
of  this  material  were  tested  in  air  at  50  ft/  sec  from  2400°  to  2800°F  to 
study  the  active-to-passive  transition  in  oxidation  behavior.  As  shown  in 
Figure  77,  a  viscous  liquid  glass  formed  on  the  side  wall  of  the  test  sam¬ 
ples  when  the  top  surface  temperature  was  2600°F  or  above.  The  side 
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wall  is  always  at  a  higher  temperature  than  the  top  due  to  the  cooling  ef¬ 
fect  of  the  air  flow.  The  glassy  surface  was  observed  to  form  on  part 
of  the  top  surface  at  a  temperature  of  2800°F.  This  appears  to  be  a 
limiting  temperature  for  glass  formation  and  1b  the  temperature  at  which 
the  transition  from  passive  to  active  oxidation  behavior  occurs.  As  pre¬ 
viously  concluded,  the  fusion  range  of  the  SiOo  phase  in  this  composite 
appears  to  govern  behavior.  The  rate  of  attack  in  the  active  (pest)  range 
appears  to  increase  with  decreasing  temperature.  Examination  of  the 
samples  indicates  that  the  maximum  rate  may  occur  in  the  2000°-2200°F 
rai  0e.  Additional  tests  indicated  the  temperature  for  maximum  rate  to  be 
2200°F.  Behavior  in  the  pest  range  is  characterized  by  rapid  oxidation 
of  the  tungsten  phase  with  the  formation  of  large  amounts  of  WO3  smoke 
and  yellow  crystalline  deposits  of  WO3  on  the  surface. 

The  surface  recession  behavior  of  S1O2+60W  samples  in  CG/HW 
tests  is  shown  in  Table  15  and  Figure  78.  These  data  are  for  temperatures 
below  the  range  of  furnace  test  data  in  which  a  pest -type  reaction  was  found 
(3) .  The  maximum  rate  of  recession  was  observed  at  2750°F  with  over  60 
mil  penetration  in  30  minutes.  This  is  over  30  times  the  rate  found  above 
2800°F  where  a  liquid  glass  formation  occurs.  Rate  also  was  observed  to 
increase  with  decreasing  temperature  below  2600°F  as  predicted  from  the 
appearance  of  test  samples  in  the  preceding  discussion.  Post  exposure 
photomicrographs  of  SiC>2+60w/oW(H-23)  are  shown  in  Figures  79  and  80. 

L.  Test  Results  for  Hf-20Ta-2Mo(I-23) 

The  results  obtained  for  Hf-20Ta-2Mo(l-23)  are  summarized  in 
Table  16,  The  earlier  discussion  of  temperature  gradients  through  oxides 
formed  on  this  material  which  is  presented  in  Section  IX-B-2  indicates  that 
the  surface  temperature  exceeded  the  substrate  temperature  by  300-500°F. 
Post  exposure  photomicrographs  were  presented  in  Figures  15-22  and  dis¬ 
cussed  earlier.  Comparison  of  the  present  results  with  those  obtained 
in  furnace  tests  (3)  is  illustrated  below. 


CG/HW 

Measured  Depth 
Temperature  of  Couverslon 


No. 

Substrate 

Surface 

Time 

High  Velocity 

Furnace 

°F 

°F 

(min) 

1-23 -L8 

Variable 

3375 

30 

14 

(44-1) 

(constant) 

3375 

30 

20-80 

1-23 -L9 

3355 

3490-3200 

60 

12 

(44-2) 

(constant) 

(3300  Avg) 

3355 

60 

24-60 

3300 

60 

18-50 

I-23-L1 

3500 

3150-3100 

60 

20 

(76-1) 

(constant) 

(3125  Avg) 

3500 

60 

40-100 

3125 

60 

8-22 
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Sample 

No* 

T  empe  rature 

Substrate  Surface 

Time 

CG/HW 

Measured  Depth 
of  Conversion 

High  Velocity 

Furnace 

°F 

°F 

(min) 

1-23  -L2 

3700 

3380-3235 

60 

31 

(77-1) 

(constant) 

(3270  Avg) 

3700 

60 

90-200 

3270 

60 

18-45 

1-23 -L3 

3900 

3490-3380 

60 

60 

(77-2) 

(constant) 

(3450  Avg) 

3900 

60 

150-300 

3450 

60 

35-90 

Measured  depths  of  conversion  based  on  substrate  temperature  were  1/2 
to  1/3  the  measured  depth  in  furnace  tests  at  that  temperature.  However, 
conversion  depths  were  in  excellent  agreement  with  furnace  tests  data 
when  surface  temperature  was  used  as  the  basis  for  comparison.  These 
results  clearly  show  that  the  temperature  of  the  oxide  scale  is  rate  con¬ 
trolling  in  the  oxidation  of  Hf-Ta-Mo  above  3000°F.  It  is  the  same  as 
that  found  for  the  borides,  and  again  points  to  transport  through  the  oxide 
scale  (Hf02)  as  the  rate  controlling  step. 


These  tests  clearly  show  that  surface  temperature  control 
should  be  used  for  testing  ZrOj  or  Hf02  scale  forming  materials. 


M.  Summary  of  High  Velocity  CG/HW  Results 

High  velocity  CG/HW  exposures  at  velocities  ranging  from  below 
10  ft/ sec  to  250  ft/ sec  have  been  performed  for  seventeen  of  the  candidate 
materials.  The  results  of  these  tests  indicate  that  the  behavior  of  these 
materials  can  be  divided  into  two  categories.  Materials  which  form  con¬ 
densed  oxide  scales  exhibited  no  definite  dependence  on  air  flow  rate.  On 
the  other  hand,  graphites  which  form  volatile  oxidation  products  exclusively, 
exhibited  a  strong  dependence  of  oxidation  rate  on  air  velocity.  Moreover, 
comparison  of  the  high  velocity  CG/HW  oxidation  behavior  of  materials 
forming  condensed  oxidation  products  with  the  behavior  observed  for  these 
materials  in  furnace  tests  indicates  comparable  oxidation  rates  for  equal  sur¬ 
face  temperatures.  Since  substantial  temperature  gradients  through  the 
oxide  are  present  in  the  high  velocity  CG/HW  tests  (where  the  surface  is 
cooler  than  the  substrate)  the  present  results  indicate  that  the  rate  of 
oxidation  is  limited  by  the  minimum  temperature  in  the  condensed  oxide 
layer.  The  importance  of  these  findings  is  evident  with  reference  to 
identification  of  the  rate  controlling  factor  in  the  oxidation  process.  Since 
surface  temperature  is  measured  and  controlled  in  most  tests,  oxidation 
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data  will  be  accurate  only  if  Burface  temperature  is  controlling.  If  sub¬ 
strate  or  interface  temperature  controls,  the  measured  rate  can  be  too 
high  or  too  low  depending  on  the  method  of  heating.  Induction  or  direct 
resistance  heating  will  cause  the  substrate  to  be  hotter  than  the  surface. 
Radiation  heating  can  lead  to  a  cooler  substrate.  This  will  be  the  case 
in  most  gas  torch  or  plasma  tests.  Only  furnace  tests  can  result  in 
uniform  temperatures  through  oxide  and  base  material.  High  velocity 
CG/HW  tests  performed  for  flat  faced,  hemispherical  type  and  conical 
samples  of  graphite,  showed  that  recession  rates  increased  significantly 
with  air  flow.  A  sixfold  increase  was  observed  between  1  and  250  ft/ sec 
at  2850°F.  This  is  due  to  variations  of  the  oxygen  pressure  at  the  sur¬ 
face  and  indicates  the  need  for  control  in  such  studies.  Recession  rates 
observed  in  CG/HW  tests  at  250  ft/  sec  were  comparable  with  recession 
rates  observed  in  Mach  0. 3  HG/CW  arc  plasma  tests.  Recession  rates 
exhibited  by  conical  samples  were  found  to  be  twice  those  observed  for 
flat  faced  cylinders.  This  is  due  to  a  change  in  oxygen  partial  pressure 
at  the  surface  with  a  change  in  sample  geometry. 

High  velocity  CG/HW  tests  performed  for  PT0178(B-9)  and 
Glassy  Carbon  (B-ll)  showed  that  recession  rates  were  also  found  to  in¬ 
crease  significantly  with  air  flow.  This  result  is  attributed  to  variations 
of  the  oxygen  pressure  at  the  surface  and  indicates  the  need  for  control 
in  such  studies.  Recession  rates  observed  in  CG/HW  tests  at  250  ft/  sec 
were  comparable  with  recession  rates  observed  to  Mach  0. 3  HG/CW  arc 
plasma  tests.  The  linear  recession  rates  for  all  of  the  graphites  were 
found  to  correlate  directly  with  density.  Coating  failure  temperatures  for 
WSh/W  (G-18)  and  Sn-Af/Ta-10W(G-19)  were  determined  as  3650°F  and 
3200OF  in  the  high  velocity  CG/HW  tests.  The  former  value  is  higher  than 
that  observed  in  furnace  tests  and  may  represent  a  better  evaluation  of  the 
temperature  limit  of  WSi2/W{G-18)  in  the  absence  of  reactions  with  ZrO^, 

The  failure  temperature  for  Si/RVC(B-8)  observed  at 
3000°F  is  in  agreement  with  the  results  obtained  in  the  CG/HW  furnace 
tests.  In  addition,  the  low  temperature  degradation  of  JTA(D~13), 
JT0992(F-15),  JT0981(F-16)  and  SIO2+60  w/o  W(H-23)  observed  in  the 
furnace  tests  was  also  noted  in  these  tests.  The  temperature  gradients 
observed  to  exist  through  a  200  mil  wall  of  SiOg  +  60w/oW(H-23)  were 
so  large  that  the  internal  temperature  exceeded  4000°F  while  the  surface 
was  only  3150°F.  This  led  to  internal  melting.  The  usefulness  of  this 
composite  was  found  to  be  limited  by  the  fact  that  protective  behavior  is 
not  observed  below  the  fusion  range  for  silica  (2700°-3000°F).  However, 
SIO2  softens  and  becomes  viscous  above  this  range  leading  to  a  loss  of 
strength. 
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XV.  MEASUREMENT  OF  EMITTANCE  AT  0.  65 y  FOR  CANDIDATE 

MATERIALS  UNDER"  ORIDIglNP  'CONPITIoNg~IF7 

DCTTY  ARTLOWg" - 

As  indicated  in  Sections  II  and  III,  an  attempt  was  made  in  all 
teats  to  obtain  data  on  the  normal  spectral  emittance  of  the  various 
refractory  materials  at  high  temperatures  in  an  oxidizing  environ¬ 
ment.  Simultaneous  readings  of  the  top  surface  temperature  were 
taken  at  5-10  minute  intervals  with  a  micro-optical  pyrometer  (0.65p) 
and  a  two-color  pyrometer  (Milletron  or  Pyro  Eye).  The  two-color 
pyrometers  used  for  measurement  of  true  temperature  were  calibrated 
against  a  standard  NBS  tungsten  filament  lamp  once  a  month.  Readings 
of  the  Milletron  Pyrometer  were  within  +2%  of  true  temperature  in  the 
range  of  2600°  to  4200°F  (8).  Appropriate  corrections  were  used  for 
absorption  in  prisms  or  mirrors.  Normal  spectral  emittance  was  cal¬ 
culated  from  the  two  readings  by  means  of  Wein*  s  Law.  The  results 
are  summarized  in  Table  17  and  are  discussed  for  the  individual 
materials. 

Reference  to  Table  3  and  the  discussion  of  HfB?  i(A-2)  presented 
in  Section  III-A  a  value  of  0. 50  is  shown  for  HfB2.  i(A-2)  in  Table  17. 

This  value  appears  applicable  under  oxidizing  conditions  between  3000° 
and  3500°F.  Similarly,  reference  to  Table  4  and  Section  XII-B  indicate 
that  the  emittance  of  ZrB2(A-3)  is  0.57  for  a  comparable  temperature 
range.  The  values  obtained  for  HfB2+SiC(A-4)  and  ZrB2+SiC(A-8)  appear 
to  depend  strongly  upon  temperature  based  upon  the  results  shown  in 
Tables  5  and  6  and  the  discussion  presented  in  Section  m-C.  Accordingly, 
U  is  expected  that  these  materials  exhibit  emittance  values  near  0.  60  at 
temperatures  above  3500°F,  characteristic  of  Zr02  and  HfC^. 


The  emittance  of  Speer  710  graphite  was  measured  from  2550°  to 
4150°F  in  the  oxidation  studies  with  flat -faced  specimens,  The  results 
of  repetitive  measurements  over  this  broad  temperature  range  are  given 
in  Figure  81.  The  data  indicate  a  continuous  decrease  in  emittance  from 
a  value  of  0. 9  at  2550°F  to  a  value  of  0. 57  at  4150°F  in  air  at  50  fps 
velocity.  The  scatter  in  data  existing  in  the  range  of  3250°  to  3550°F  is 
due  largely  to  a  scale  change  in  the  two-color  pyrometer  at  3450°F. 

Errors  appear  to  be  encountered  at  the  high  end  of  the  low  scale  and  the 
low  end  of  the  high  scale.  Unfortunately,  the  two  scales  do  not  overlap. 
Even  with  this  scatter,  the  data  are  in  excellent  agreement  over  the  en¬ 
tire  range  of  measurement.  The  variation  is  less  than  410%  at  all 
temperatures.  The  data  also  are  in  excellent  agreement  with  published 
data  (16)  on  the  emittance  of  graphite  from  2500°  to  3000°F  obtained  by 
classical  methods  of  measurement  in  inert  atmosphere  or  vacwun  as  shown 
below: 


Normal  Spectral  Emittance  Total  Normal  Emittan.ce 


inis 

High 

AuiCBUU 

r*-n  77' 

GBH 

3474t> 

70R7 

Temp. 

°F 

Work 

Purity 

Graphite 

Graphite 

Graphite 

Graphite 

Graphite 

2500 

0.90 

0.79 

0.89 

0.75 

0.80 

0.81 

0.82 

3000 

0.77 

0.79 

0.88 

0.70 

0.76 

0.77 

0.78 

No  data  In  the  published  literature  or  available  reports  £or  emittance  values 
at  temperatures  above  3000°F  could  be  found  to  compare  with  the  results 
shown  in  Figure  41.  Arc  plasma  tests  (4)  yield  computed  values  of  total 
normal  emittance  for  graphites  of  0.  50  to  0.  40  in  the  range  4500°  to  5500°F. 
An  extrapolation  of  the  normal  spectral  emittance  curve  of  Figure  41  to 
higher  temperatures  indicates  a  value  of  0. 5  at  5000°F,  which  is  in  good 
agreement  with  the  test  data  reported  in  the  HG/CW  arc  plasma  tests  (4). 

On  this  basis  the  emittance  values  shown  for  RVA{B -5)  have  been  assigned. 

The  emittance  data  shown  in  Figure  41  make  a  significant  contribu¬ 
tion  in  a  heretofore  unexplored  temperature  range  and  should  be  of  con¬ 
siderable  value  in  future  work  on  graphites  at  high  temperature.  The 
results  also  serve  to  point  out  the  ease  with  which  useful  data  on  emittance 
under  oxidizing  conditions  can  be  obtained.  By  using  accurately  calibrated 
pyrometers  and  careful  measurement  techniques,  data  which  in  many 
respects  are  equivalent  to  those  determined  by  classical  measurement 
techniques  can  be  obtained.  Individual  measurements  of  course  are  not  as 
accurate  as  those  obtained  by  classical  methods.  However,  by  conducting 
several  measurements  at  each  temperature,  the  data  can  be  averaged  and 
valid  results  obtained.  The  advantage  of  this  approach  is  that  the  emittance 
is  determined  under  actual  (or  simulated)  environmental  conditions  and  that 
the  changes  in  emittance  with  time  can  be  monitored  continuously. 

The  data  shown  in  Table  7  for  Glassy  Carbon  (B -11)  Indicate  an 
emittance  of  0.55  for  this  material  in  the  3000°-3500°F  range. 

Since  the  surface  of  Si/RVC(B-8)  and  KT-S1C(E-14)  are  basically 
the  same  (silicon  carbide)  the  results  shown  in  Tables  9  and  11  have  been 
averaged  in  order  to  arrive  at  the  average  value  of  emittance  equal  to  0.70 
shown  in  Table  17  for  temperatures  in  the  3000°-3500°F  range. 

Hypereutectic  carbide  samples  were  observed  to  have  very  low  values 
of  emittance  (Table  10).  Calculated  values  ranged  from  0.04  to  0. 18  at 
3000°-3800°F.  It  is  believed  that  these  data  are  not  truly  representative 
of  materials  behavior  and  that  the  true  values  of  emittance  are  significantly 
higher.  The  reason  for  these  anomalously  low  values  is  not  clear, 

As  shown  in  Table  12,  the  initial  values  of  emittance  for  JT0992 
(F-15)  and  JT0981(F-16)  ranged  from  0.38  to  1.0,  The  values  for  JT0992 
(F-15)  averaged  0.88  from  3400°  to  3800°F  while  those  for  JT0981(F-16) 
averaged  0.  63  from  2800°  to  3400°F.  No  clear  trend  in  change  of  emit¬ 
tance  with  temperature  was  indicated  in  either  case.  At  the  end  of  30 
minutes,  calculated  emittance  values  ranged  from  0.77  to  1.0.  Average 
values  were  0.97  for  JT0992  and  0.93  for  JT0981.  This  apparent  increase 


42 


nmKaKhr  4  a  rluo  f  r»  f  Vi  o  ViiiyVi  an  t*f*a /** a  i»minrVi«a m  m  r\f  fVi*  nvi/la  anilaa  13  *4  rrk^ 

*- - 4 - - - - O — - - - O - - - -  —  —  —  ■  *'  "  -D***' 

ness  temperatures  were  difficult  to  measure  and  readings  were  not  very 
reliable  due  to  uneven  temperature  distributions  on  the  top  surface.  Simi¬ 
larly,  the  results  for  JTA(D-13)  shown  in  Table  2  indicate  values  near 
0.  70  between  3000°  and  4000°F,  Accordingly,  values  of  0,  75  were 
adopted  for  the  emittance  of  the  JT-Composites  (D-13),  (F-15)  and  (F-16) 
between  3000°  and  3500°F. 

The  emittance  of  WSi2/W(G-18)  as  indicated  in  Table  13  decreases 
with  increasing  temperature.  Results  obtained  from  measurement  by 
one-color  and  two-color  pyrometers  sighted  on  the  top  surface  are  sum¬ 
marized  below: 


Emittance 


Total 


Temperature 

Flow  Rate 

Time 

Start 

Finish 

°F 

(fp«) 

(min) 

3400 

50 

60 

0.64 

0.57 

3500 

150 

60 

0.48 

0.55 

3600 

50 

60 

0.54 

0.54 

3680 

50 

35 

0.46 

0.46 

The  emittance  values 

tend  to  be  stable 

throughout 

a  1  hour 

test.  The 

values  are  in  the  range  expected  for  sillclde-base  coatings.  Figure  82 
compares  the  present  results  with  those  obtained  by  Allen  et  al.  (17). 

The  emittance  of  Sn-AZ/Ta-10W(G-19)  is  higher  than  that  observed 
for  the  WSi2/W(G-18)  system.  Emittance  tends  to  decrease  with  increased 
temperature  and  with  increased  time  at  temperature  as  shown  in  Table  14 
and  below  (these  values  are  in  the  range  expected  for  this  coating  system): 

Emittance 


Total 


Temperature 

°F 

Flow  Rate 
(fpe) 

Time 

(min) 

Start 

Finish 

3000 

50 

60 

0.79 

0.69 

3000 

150 

60 

0.76 

0.66 

3200 

50 

24 

0.74 

0.67 

3300 

50 

22 

0.65 

0.69 

3400 

50 

30 

0.67 

0.59 

3500 

50 

15 

0,62 

0.62 

Reference  to  Table  16  indicates  an  emittance  of  0,55  for  Hf-20Ta- 
2Mo.  This  value  is  in  general  agreement  with  the  result  obtained  for 
HfB2<1(A-2). 
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Figure  6.  Temperature  Drop  Through  ZrO,  Scale  on  ZrB 
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Plate  No,  1-7116 


Figure  7.  Macrophotograph  of  ZrBo(A-3)- 18  (Lockheed  45-1) 

and  ZrB2(A-3)-  13  (L46-1)  after  High  Velocity  CG/HW 
Exposure. 


Plate  No.  1-7117 


Aa- Poll  shed 


X2.75 


Figure  8.  Section  Through  ZrB-(A-3)-13  (L46-1) 
after  30  Minute  Exposure  at  50  ft/aec 
in  Air.  Surface  Temperature  34P0°F. 
Top  Surface  at  Left. 


Plate  No.  1-7120 


As- Polished 
Figure  9.  i 


X2..63 


Section  Through  ZrB2(A-3)-18 
(L45-1)  after  60  Minute  Exposure 
at  50  ft/sec  in  Air.  Substrate 
Temperature  3400°F 


Oxide 


Plate  No.  1-7123 


Matrix 


Etched  with  10  Glycerine  5HN033HF  X250 

Figure  10.  Oxide -Matrix  Interface  of  ZrB2 

(A- 3)-  18(L45-  1)  Showing  Adherent 
Oxide. 
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Plate  No.  1-4830 


As-PoUehed  X3.5 

Figure  11.  Section  through  HfB2,  j (A- 2)- 13(Lr38-l)  after 
60  Minute  Exposure  at  50  ft/sec  m  CG/H> 
Test.  Surface  Temperature  3400°F.  Oxide 
Thickness  8  Mils,  Conversion  Depth  4 
Mils.  Top  Surface  at  Bottom. 
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Plate  Nc  1-4831 


Matrix 


Etched  with  10  Glycerine  5HN033HF  X250 

Figure  12,  Oxide-Matrix  Interface  of  HfBo  t 
(A-2)-13  (L38-1)  Showing  Adherent 
Oxide.  Oxide  at  Top. 
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Figure  13.  Section  Through  HfB2>  , (A-21-  1 5(L39-2)  after 
60  Minute  Exposure  at  TO  ft/sec  in  CG/HW 
Test.  Surface  Temper  ure  3600°-3190°F. 
Oxide  Thickness  25  Mils.  Conversion  Depth 
18  Mils  Top  Surface  at  Bottom. 


Oxide 


Plate  No.  1-4834 


Matrix 


Etched  with  10  Glycerine  5HNOj3HF  X250 

Figure  14.  Oxide-Matrix  Interface  of  HfB2  , 
(A-2)-  15{L.39-2)  Showing  Adherent 
Oxide. 
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As -Polished  X2.69 


Plate  No.  1-7142 


Figure  15.  Section  Through  Hf-19Ta-2Mo(I-23)(L44-  1)  after 
30  Minutes  at  1-10  ft/sec  in  CG/HW  Test.  Sur¬ 
face  Temperature  3400°F.  Sample  Cracked 
after  Test.  Conversion  Depth  14  Mils.  Top 
Surface  at  Left. 


Matrix 


Plate  No.  1-7599 

'Subscale 

Oxide 


Etched  with  30  Lactic  IOHNOjIHF  0.788  mils/small  division 

Figure  16.  Oxide-Subscale- Matrix  Zones  in  Hf-19Ta-2Mo 
(I-23)(L44-1).  Matrix  at  Top. 
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Plate  No.  1-7146 


As -Polished  X2.62 

Figure  17.  Section  Through  Hf-  l?Ta-2Mo(I-23)(L44-2)  after 
60  Minutea  at  1-10  ft/sec  in  GG/HW  Teat. 
Substrate  Temperature  3355°F.  Conversion 
Depth  12  Mila.  Top  Surface  at  Right. 
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Matrix 

Plate  No.  1-7600 
Subscale 

'Oxide 


Etched  with  30  Lactic  IOHNOjIHF  0.788  mils/small  division 

Figure  18.  Oxide -Subacale- Matrix  Zones  in  Hf-19Ta-2Mo 
(1-23XL44-2).  Matrix  a*  T  y. 
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Matrix 


Plate  No.  1*7593 


Subscale 


Oxide 


Etched  with  30  Lactic  IOHNOjIHF  0.788  mils/small  division 

Figure  19.  Oxide  -  Subs  calo- Matrix  Interfiles  of  Hf-  19Ta-2Mo 
(I-23)(L76- 1)  after  60  Minute  Exposure  at  50 
ft/sec  in  CG/HW  Test.  Substrate  Temperature 
3500°F.  Conversion  Depth  20  Mils.  Matrix 


Subscale 


Etched  with  30  Lactic  LOKNO^HF  0. 788  mils/small  division 

Figure  20.  Oxide-Subscale- Matrix  Interface  of  Hf-  19Ta- 
2Mo(I-23)(L77- 1)  after  60  Minute  Exposure 
at  50  ft/sec  in  CG/HW  Test.  Substrate 
Temperature  3700°F,  Conversion  Depth 
31  Mils.  Matrix  at  Top. 


Plate  No.  1-7137 


As -Polished  X2.78 

Figure  21.  Section  Through  Hf-  19Ta-2Mo(I-23)(L77-2)  after 
60  Minutes  at  50  ft /sec  in  CG/h W  Test.  Sub¬ 
strate  Temperature  3900°F.  Conversion  Depth  60 
Mils.  Top  Surface  at  Top. 


Matrix  Subecale 


Etched  with  30  Lactic  IOHNOjIHF  0.788  mils/small  division 

Figure  22.  Oxi  de  -  Subs  cale- Matrix  Zones  in 

Hf-  19Ta-2Mo(I-23)(L77-2),  Oxide 
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Plate  No.  1-7846 


X2.70 


Figure  24.  JTA(D-13)-L5,  Surface  Temperature  3821°F, 

Air  Flow  Rate  10  ft/eec.  Exposure  Time  60 
Minutes,  Hot  Face  Up.  33  Mil  Recession,  One 
Inch  Scale 


X2.70 


Plate  No. 


Figure  25.  JTA(D-1 3) -L4,  Surface  Temperature  3921°F, 

Air  Flow  Rate  10  ft/sec.  Exposure  Time  7.5 
Minutes,  Hot  Face  Down,  55  Mil  Recession,  One 
Inch  Scale 
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of  H£B2.  1  {A-2)  Near  3300 °F, 
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Figure  29.  Effect  of  Air  Flow  Rate  on  Oxidation  of  ZrB2{ A-3)  Near  3400  F. 
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Figure  30.  Post  Exposure  Photomacrographs  of  HfBj  +  SiC(A-4) 
after  Exposure  in  Air  at  Flow  Rates  up  to  150  ft/s e«s 
Near  3000°F  (See  Table  5). 


Plate  No.  2-0449 


Figure  31. 


Post  Exposure  Photomacrographs  of  ZrB2  +  SiC(A-8) 
after  Exposure  in  Air  at  Flow  Rates  up  to  150  ft/sec 
Near  3000°F  (See  Table  6). 
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SURFACE  RECESSION  (mils) 


TIME  (min) 


Figure  32.  Surface  Recession  Curves  for  Four  Grades 
of  Graphite  in  Flowing  Air  at  2850°F. 
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SURFACE  RECESSION  (mite) 


SPEER  710  GRAPHITE 
FLAT  FACE  150  fps 


70  mil/mln 

61  mil/mln 
54  mil/mln 


J _ L— - L _ L 

2  4  6  8 

TIME  (min) 


10 


Figure  34.  Surlfcce  Receaeion  Curvet ,  Speer  710  at  150  fpe 


[ON  {mils) 


RVA  GRAPHITE 
FLAT  FACE 


(1)  2850*  F ,  SO  fpa,  36  mll/min 
(D  3050*  F,  50  fpa,  36  mtl/min 
(D  3250*  F,  50  fpa,  36  mll/min 
0  2850,  3050,  3280* F,  160  fpa,  56  mil/mln 
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Figure  35.  Surface  Recesaion  Curves,  RVA  at  50  and 
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Figure  36.  Effact  of  Tamparatura  and  Gaa  Valoclty 
on  tha  Surfaca  Racaaaion  of  Two  Ovadaa 
of  Graphita. 
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FLAT  FACE 


E  (min)  0  3  6  9 

2850*  F  -  80  fpa 
SPEER  710 


Figure  38.  Change*  in  Specimen  Configuration  During 
the  Oxidation  of  Graphite. 


HEMISPHERE 


COME 


SURFACE  RECESSION  (mils) 


Figure  39.  Effect  of  Specimen  Configuration  on  the  Surface 
Receaaion  of  Graphite. 
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Figure  42.  Measurement  of  Surface  Recession  on  Conical  Samples. 


Plate  No.  1-7094 


A«-Pollahed 


X2.65 


Figure  43,  Section  Through  RVA(B-5){L-6)(65-l)  after  6  Mlnutee 
at  50  ft/aec  In  CG/HW  Teat  at  3250°F.  Initially  Flat 
Face  Cylinder  487  Mil  Diameter*  1028  MU  Length 


Plate  No.  1-7721 


Aa-Poliahed  X2.94 

Figure  44.  Section  Through  RVA(B-5)(L-16)(l08-3)  after  1.5  Minuter 
at  50  (t/aec  in  CG/HW  Teat  at  3850°F.  Initially  30°  Cone 
1486  MUa  Long. 
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Arrhenius  Plot  of  Surface  Recession  Date  for  Graphite  in  High-Velocity  Air 


(«im/nut)  aj,YH  Moissaoaa  lovians 
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put*  No.  1-9411 


X2.7S 


Figure  50.  PT  0178(B-9)-L14,  Surface  Temperature  3050°F,  Air  Flow 
Rata  ISO  ft/ sac.  Expo  aura  Tim*  2  minutes,  Initial  Configur¬ 
ation  30°  Con*,  321  Mil  R«e*a*ion,  On*  Inch  Seal* 


X250 


PUt*  No.  1-9412 


Figure  51.  PT  0178(B-9)-L14,  Hot  Surface  at  Top 


X2.90 


Figure  52.  Glassy  Carbon  (B -11). 2000.3,  Surface  Temperature  3550°F, 
Air  Flow  Rate  50  ft/eec.  Exposure  Time  1.5  minutes.  Initial 
Configuration  Hemispherical  Cap,  71  mil  Recession,  One  Inch 
Scale. 


Plate  No.  1-8493 


Unetched  Small  .Division  ■  0.788  mils 

Figure  53.  Glassy  Carbon  (B-ll)-2000-3,  Hot  Surface  at  Left 
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Figure  54.  Si-RVC(B-8)-(L-6)  survived  60  minutes  at  150  ft/ sec  end 
2900°F:  (L-7)  coating  failed  after  15  minutes  at  10  ft/ sec 
and  3100°F:  (L-fl)  coating  failed  after  60  minutes  at  10  ft/ sec 
and  3000°F. 


X2.90 


PUte  No.  1.9397 


Figure  55.  Si-RVC(B-8)-L-7  High  Velocity  Cold  Qas/Hot  Wall  Test  at 

3100°F  and  Air  Flow  Rate  of  10  ft/  sec.  Exposure  Time  10 
minutes.  Coating  Failed.  Hot  Face  Up. 
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Figuro  56. 


A - A 


ZrC+C  HfC+C 

A  <10ft/a«cA 
O  80  ft/  lac  • 

□  150ft/ ■««  ■ 

_J _ I _ I _ I _ 

3200  3400  3600  3800  4000 

TEMPERATURE  (*F) 


Suriaco  Rtctiaion  Behavior  of  HfC  +  C(C-ll)  and  ZrC  +  C(C-12) 
in  GO/HW  Flow  Studio*. 
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TOP 


A.  Sample  C-11-L4,  3600°F,  50  fee,  26  Mia.  Billet  1416B,  14.25%C. 


rop 


B.  Sample  C-11-L7.  3600°F,  <10  tp»,  30  Min.  Billet  1422A,  13.60%C. 


Figure  57 .  Effect  of  Carbon  Content  on  Surface  Appearance  of  Oaddlaed 
HfC  +  C  Samples. 
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Plate  No.  1-8193 


X2.90 


Figure  58,  ZrC  +  C(C-12)-L8,  Surface  Temperature  3800°F. 

Air  Flow  Rate  50  ft/ sec.  Exposure  Time  22  minutes, 
Hot  Face  Up,  72  Mil  Recession,  One  Inch  Scale 


Utaetched  XI 5 


Plate  No.  1 


Figure  59,  ZrC  +  C(C-12)-L8,  Hot  Surface.  Oxide  at  Top. 


-8194 
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X3.00 


Plate  No.  1.8223 


Figure  60.  H£C  +  C(C-11)-L4,  Surface  Temperature  3600°F, 

Air  Flow  Rate  50  ft/  >ec.  Exposure  Time  26  minutes. 
Hot  Face  Up,  80  mil  Recession,  One  Inch  Scale 


Unetched  X30 


Plate  No.  1  -8224 


Figure  61.  HfC  +  C(C-U)-L4,  Hot  Surface, Oxide  at  Left 


89 


Figure  62.  KT-SiC{E-14)-L4,  Surface  Temperature  3660 °F,  Air 

Flow  Rate  150  ft/ sec.  Exposure  Time  30  minutes,  Hot 
Face  Up.  No  Length  Recession,  15  Mil  Diametral 
Recession.  Thermal  Stress  Failure. 


X2.60 


Plate  No.  1-7153 


Figure  63.  KT-SiC{E-14)-Ll,  Surface  Temperature  3450°F,  Air 
Flow  Rate  50  ft/sec.  Exposure  Time  27  minutes,  Hot 
Face  Up.  15  Mil  Length  Recession,  115  Mil  Diametral 
Recession,  One  Inch  Scale 
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e  65  Effect  of  Velocity  on  the  Oxidation.  Behavior  o£  JT0992  and  JT0°81  Graphites.  (X4) 


Active-Passive  Transition,  in  the  Oxidation  of  JT-0992(F-15)  Graphite. 
(50  ft/ sec  Air-30  min.) 


X2.60 


Figure  68.  JT0992(F-15)-L11,  Surface  Temperature  3400°F,  Air  Flow 

Rate  50  ft/ sec.  Exposure  Time  30  Minutes,  Hot  Face  Up. 

6  Mil  Recession.  One  fach  Scale.  * 


Figure  69.  JTq992(F-15)-L4,  Surface  Temperature  2000°F,  Air  Flow 

Rate  50  ft/ sec.  Exposure  Time  30  Minutes,  Hot  Face  Up. 
28  Mil  Recession.  One  Inch  Scale. 
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Figure  70.  JT0981(F-16)-L7,  Surface  Temperature  3200°F,  Air  Flow 

Rate  150  ft/eec.  Exposure  Time  30  Minutes,  Hot  Face  Up. 
32  Mil  Recession.  One  Inch  Scale. 


X2.60 


Plate  No.  1-8017 


Figu-e  71.  JT0981(F-i6)-L10,  Surface  Temperature  280 0°F,  Air  Flow 

Rate  50  ft/sec.  Exposure  Time  30  Minutes,  Hot  Face  Up, 

9  Mil  Recession.  One  Inch  Scale. 
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X3.  50 


Plate  No.  1  -5349 


Figure  72.  WSi-/W(G-18)-40-l,  Surface  Temperature  3500°F, 

Air  Tlow  Rate  150  ft/ «ec. ,  Exposure  Time  60  minutea. 
Hot  Face  Down,  No  Coating  Failure.  One  Inch  Scale. 


Plate  No.  1-5350 


Etched  with  Murikami's  Reagent  One  Small  Division  ■  0,397  mils 

Figure  73.  WSi,/W(G-18)-40-l,  Hot  Surface  at  Top 
Showing  WSi_  layer,  Over  W-Si,  Layer 
Coating  Tungsten  Matrix  at  Bottom 
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Plata  No.  1-5061 


X2M> 

Figure  75.  Sn-Al/Ta-10W(G-19)-41-2,  Surface  Temperature  3000°F, 

Air  Flow  Rate  150  ft/ sec,  Exposiure  Tune  60  Minutae, 

No  Coating  Failure.  Coating  at  Top  \ 


Plate  No.  1-5055 


Unetched  X250 


Figure  76.  Sn-Al/Ta-10W(G-19)-37-l,  Surface  Temperature  3300°F, 

Air  Flow  Rate  50  ft/Bec,  Exposure  Time  22  minutes. 
Coating  Failure.  Oxidised  Tantalum-Tungsten  Alloy-  at  Top 
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Figure  77.  Active-Passive  Transition  in  the  Oxidation  of  SiO^-MW  (H-23) 
{50  ft/  sec  Air  -  30  min ) 


SURFACE  RECESSION  IN  30  MIN.  (mil) 
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Plate  No.  1  -8242 


X3.05 


Figure  79.  SiO2-60w/oW{H-23)-L5,  Surface  Temperature  2500°F,  Air 
Flofc  Rate  50  ft/Bec.  Exposure  Time  30  MinuteB,  Hot  Face 
Up.  12  Mil  Recession.  One  Inch  Scale. 


Plate  No.  1-8243 


Figure  80.  SiO2-60w/oW(H-23)-L5,  Hot  Surface  at  Top  Showing  Zone 
Depleted  of  Tungsten. 
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RESULTS  OF  HIGH  VELOCITY  COLD 
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RESULTS  OF  HIGH  VELOCITY  COLD  GAS/HOT  WALL  TESTS  ON  JT0981(F-16)  AND  JT0992{F- 15) 

(Surface  Temperature  Control) 
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RESULTS  OF  HIGH  VELOCITY  COLD  GAS/HOT  WALL  TESTS  ON  JT098I(F-I6)  AND  JT0992(F-15) 

(Surface  Temperature  Control) 
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TABLE  12  (CONT. } 

RESULTS  OF  HIGH  VELOCITY  COLD  GAS/HOT  WALL  TESTS  ON  JT0981(F-16)  AND  JT0992JF-15) 

(Surface  Tempera  .ure  Control} 
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TABLE  13 

RESULTS  OF  HIGH  VELOCITY  COLD  GAS/HOT  WALL  TESTS  ON  WSi2/W(G-18) 
(Top  Surface  Control,  4  mil  coating  on  500  mil  diameter  x  750  mil  long  cylinders) 
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TABLE  16 

RESULTS  OF  HIGH  VELOCITY  COLD  GAS/HOT  WALL  TESTS  ON  Hf-20Ta-2Mo(I-23) 
(Surface  Tem^rature  Control,  except*  =  substrate  control) 
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TABLE  17 


AVERAGE  VALUES  OF  NORMAL  SPECTRAL  EMITTANCE 
UNDER  OXIDIZING  CONDITIONS 


Emittance  -  t  at  X.  =  0.65|i. 


Material 

2500°-3000°F 

3000°-3500°F 

3500°-4000 

HfB2.i(A-2) 

---- 

0.50 

---- 

ZrB2(A-3) 

— 

0.57 

— 

Hffl2+SiC{A-4) 

0.90 

0.75 

0.  60* 

ZrB2+SiC(A-8) 

0.90 

— 

---- 

RVA  (B-5) 

0.85 

0.75 

0.65 

Glassy  Carbon(B-ll)  - 

0.55 

---- 

Si/RVC  (B-8) 

---- 

0.70 

.... 

KT-SiC  (E-14) 

- -- - 

0.70 

.... 

JTA  (D-13) 

---- 

0.75 

---- 

JT0992  (F-15) 

---- 

0.75 

---- 

JT0981  (F-16) 

- -- - 

0.75 

---- 

WSi2/W  (G-18) 

.... 

0.60 

0.55 

Sn-AI/Ta-lOW  (G-19)  - 

0.67 

---- 

Hf-20Ta-2Mo  (1-23) 

-  -  -  - 

0.55 

-  -  _  . 
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